






































































































































ŵŝĐŚ ŐĞƐĞƚǌƚĞsĞƌƚƌĂƵĞŶƵŶĚĚŝĞ &ƌĞŝŚĞŝƚ͕ ĞŝŶĞŶdĞŝů ĚĞƌ Ğŝƚ ĂƵĐŚ ŝŶEŽƌǁĞŐĞŶ͕ĚĞŶh^ƵŶĚ
^ƉĂŶŝĞŶ ǀĞƌďƌŝŶŐĞŶ ǌƵ ŬƂŶŶĞŶ͕ ďĞĚĂŶŬĞŶ͘ /ĐŚ ĚĂŶŬĞ ĂƵƘĞƌĚĞŵ ĚĞƌ ^ƚƵĚŝĞŶƐƚŝĨƚƵŶŐ ĚĞƐ ĚĞƵƚͲ
ƐĐŚĞŶsŽůŬĞƐ͕ĚŝĞŵĞŝŶWƌŽŵŽƚŝŽŶƐǀŽƌŚĂďĞŶŐƌƂƘƚĞŶƚĞŝůƐĨŝŶĂŶǌŝĞƌƚĞƵŶĚĚŝĞŵĞŝŶ>ĞďĞŶĂůƐ^ƚŝĨƚŝ
ĚƵƌĐŚǀŝĞůĞsĞƌĂŶƐƚĂůƚƵŶŐĞŶƐŽǁŽŚůǁŝƐƐĞŶƐĐŚĂĨƚůŝĐŚĂůƐĂƵĐŚƉƌŝǀĂƚďĞƌĞŝĐŚĞƌƚĞ͘
DĞŝŶĂŶŬ ŐŝůƚǁĞŝƚĞƌŚŝŶ ĂůůĞŶ ĨƌƺŚĞƌĞŶ ƵŶĚŚĞƵƚŝŐĞŶ ƌďĞŝƚƐŐƌƵƉƉĞŶŵŝƚŐůŝĞĚĞƌŶ͕ ŽŚŶĞĚŝĞ ĞƐ
ŶƵƌ ŚĂůď ƐŽ ƐĐŚƂŶ ŝŵ >ĂďŽƌ ŐĞǁĞƐĞŶǁćƌĞ͘ /ĐŚ ĚĂŶŬĞ ďĞƐŽŶĚĞƌƐ ŶĚƌĞĂ ĂƵĞƌ͕ ƌ͘ <ĂƚŚĂƌŝŶĂ
'ƌŽƐƐĞƌ͕ƌ͘DŝĐŚĂĞůĂDĂƵƐǌ͕ƌ͘WŚŝůůŝƉƉZŝĐŚƚĞƌƵŶĚƌ͘ƐƚƌŝĚ^ƉŝĞůŵĞǇĞƌĨƺƌĚŝĞŝŶĨƺŚƌƵŶŐŝŶ
ĚŝĞ'ƌƵƉƉĞƐŽǁŝĞǀŝĞůĞĂŵƺƐĂŶƚĞƌůĞďŶŝƐƐĞ;ǌ͘͘tĞŝƘŬŽŚů͕ZΎĚĞŶͲZĂƵŵͿƵŶĚǁŝƐƐĞŶƐĐŚĂĨƚůŝĐŚĞ
ŝƐŬƵƐƐŝŽŶĞŶ͕ ĚŝĞ ŝĐŚ ĞďĞŶƐŽŵŝƚ <ĂƌĞŶ ŽŶĚŽĐ͕ ƌ͘ dŝŶŽ :ĂƐĐŚŝŶƐŬŝ͕ ŶĞƚƚ <ĂƵůĨƵƘ͕ ŽŶƐƚĂŶǌĞ
<ƵŚůŝƐĐŚ͕ƌ͘ĂƌŽůŝŶĞ<ƵƌƚŚ͕DĂƌĐĞůZŝƚƚĞƌ͕ZĂƉŚĂĞů^ĞŝĚĞů͕<ĂƚŚůĞĞŶdŚƵŵĞƵŶĚƌ͘EŝĐŽmďĞƌͲ
ƐĐŚĂĂƌƚĞŝůƚĞ͘/ĐŚĚĂŶŬĞďĞƐŽŶĚĞƌƐŚƌŝƐƚŝŶĞ>ĞŵďŬĞƵŶĚ,ĂŶŶĞƐZŝĐŚƚĞƌ͕ĚŝĞŵŝƌƐŽǁŽŚůĞǆƉĞƌŝͲ
ŵĞŶƚĞůů ŚŝůĨƌĞŝĐŚ ǌƵƌ ^ĞŝƚĞ ƐƚĂŶĚĞŶ ĂůƐ ĂƵĐŚ ƉƌŝǀĂƚ ŝŵŵĞƌ ĞŝŶ ŽĨĨĞŶĞƐ KŚƌ ŚĂƚƚĞŶ͕ ƌ͘ dŚŽŵĂƐ
tŝĐŚĂƌĚĨƺƌĚŝĞŚŝůĨƌĞŝĐŚĞŶŝƐŬƵƐƐŝŽŶĞŶǌ͘͘ƺďĞƌ^ƚĂƚŝƐƚŝŬƐŽǁŝĞEŝĐŽƵŶĚDĂĚůĞŶ<ƺŚŶĨƺƌĚŝĞ
,ŝůĨĞ ďĞŝ ǌĂŚůƌĞŝĐŚĞŶ WƌŽďůĞŵĞŶ͘ ƵƘĞƌĚĞŵ ĚĂŶŬĞ ŝĐŚ ĚĞŵ hW>ͲD^ͲdĞĂŵ ĂƌŽůŝŶĞ͕ ZĂƉŚĂĞů
ƵŶĚDŝĐŚĂĞůĞŝĐŬĞ ĨƺƌĚŝĞǌĂŚůƌĞŝĐŚĞŶ^ƚƵŶĚĞŶĚĞƌWƌŽďůĞŵůƂƐƵŶŐƵŶĚĚĞƐ^ƉĂƘĞƐ͘ /ĐŚĚĂŶŬĞ
ĂƌŽůŝŶĞ͕ŚƌŝƐƚŝŶĞ͕WŚŝůůŝƉƉ͕ŶƌŝĐŽ,ĂŶĨƵŶĚƌ͘ZĞŶĞEƂƚǌŽůĚĨƺƌĚĂƐ<ŽƌƌĞŬƚƵƌůĞƐĞŶĚĞƌƌďĞŝƚ͘







ŵĞ ŝŶ ^ĂǀĂŶŶĂŚ ƵŶĚ ĂůůĞŶ ǁĞŝƚĞƌĞŶ dĞŝůŶĞŚŵĞƌŶ ĚĞƐ DĞƐŽŬŽŵŽƐͲǆƉĞƌŝŵĞŶƚƐ ϮϬϭϮ ŝŶ
ƐƉĞŐƌĞŶĚĨƺƌĚŝĞƚŽůůĞĞŝƚƐŽǁŝĞDĞƐŽƋƵĂĨƺƌĚŝĞ&ŝŶĂŶǌŝĞƌƵŶŐ͘































&ƺƌ ĚŝĞ hŶƚĞƌƐƵĐŚƵŶŐĞŶ ĞƚĂďůŝĞƌƚĞ ŝĐŚ ĨůƵŽƌĞƐǌŝĞƌĞŶĚĞ ^ŽŶĚĞŶ ŶĂĐŚ ĚĞƌ ĂŬƚŝǀŝƚćƚƐďĂƐŝĞƌƚĞŶ
WƌŽƚĞŝŶͲWƌŽĨŝůŝŶŐ ;WWͿͲ^ƚƌĂƚĞŐŝĞ ĂƵĨĂƐŝƐ ĞŝŶĞƐWhƵŶĚĞŝŶĞƐďŝŽŝŶĂŬƚŝǀĞŶŐĞƐćƚƚŝŐƚĞŶůĚĞͲ
ŚǇĚƐ͘ ƵƘĞƌĚĞŵ ĞŶƚǁŝĐŬĞůƚĞ ŝĐŚ ǌĞŶƚƌĂůĞ ŵĞƚŚŽĚŝƐĐŚĞ ŶƐćƚǌĞ ;&ƺƚƚĞƌƵŶŐƐͲ ƵŶĚ ǌǁĞŝƐƚƵĨŝŐĞ
/ŶŬƵďĂƚŝŽŶƐƉƌŽƚŽŬŽůůĞ͕ďůćƵĨĞ ĨƺƌĚŝĞ &ůƵŽƌĞƐǌĞŶǌŵŝŬƌŽƐŬŽƉŝĞͿ ƵŶĚĞŝŶĞŶŶĞƵĂƌƚŝŐĞŶZĞƉŽƌƚĞƌ
Ĩƺƌ^ŽŶĚĞŶ͕ĚĞƌĞŝŶŚŝůĨƌĞŝĐŚĞƐƵŶĚƵŶŝǀĞƌƐĞůůĞƐ/ŶƐƚƌƵŵĞŶƚŝŶĚĞƌĐŚĞŵŝƐĐŚĞŶŝŽůŽŐŝĞĚĂƌƐƚĞůůƚ͘





ŵŝƚ Wh ĞƌŐĂď ǌƵĚĞŵ ǀĞƌƐĐŚŝĞĚĞŶĞ ŵĂƌŬŝĞƌƚĞ WƌŽƚĞŝŶĞ ŝŶ ĞŝŶĞƌ ŝĂƚŽŵĞĞ͘ ŝĞƐĞƌ ĞƌƐƚĞ













































































































































ƉŚǇƚŽƉůĂŶŬƚŽŶĂŶĚĐŽŶƚƌŝďƵƚĞ ƚŽ ƚŚŝƐĚŝǀĞƌƐŝƚǇ͘EƵŵĞƌŝĐĂůůǇ͕ ƚŚĞŵŽƐƚĂďƵŶĚĂŶƚƉŚǇƚŽƉůĂŶŬƚŽŶ
ŐƌŽƵƉŝƐƌĞƉƌĞƐĞŶƚĞĚďǇƚŚĞƉƌŽŬĂƌǇŽƚŝĐĐǇĂŶŽďĂĐƚĞƌŝĂ΀ϭ΁͘dŚĞƚŚƌĞĞĚŽŵŝŶĂŶƚĞƵŬĂƌǇŽƚŝĐƉŚǇƚŽͲ
ƉůĂŶŬƚŽŶ ĐůĂĚĞƐ ĂƌĞ ĚŝĂƚŽŵƐ͕ ĚŝŶŽĨůĂŐĞůůĂƚĞƐ͕ ĂŶĚ ĐŽĐĐŽůŝƚŚŽƉŚŽƌĞƐ ΀ϭ΁͘ ŝĂƚŽŵƐ͕ Ă ĐůĂƐƐ ŽĨ















ĂŶĚ ŝŶ ƚŚĞŽƉĞŶǁĂƚĞƌ͘ /Ŷ ƚŚĞŶŽƌƚŚͲĞĂƐƚƚůĂŶƚŝĐ ĂŶĚĂƐƐŽĐŝĂƚĞĚĐŽĂƐƚƐ ƚŚĞǇ ƚǇƉŝĐĂůůǇŽĐĐƵƌĂƐ
ƐƉƌŝŶŐďůŽŽŵƐǁŚĞŶƚŚĞŶƵƚƌŝĞŶƚŝŶƚĂŬĞŝƐŚŝŐŚĂŶĚƚŚĞŚĞƌďŝǀŽƌŽƵƐŐƌĂǌĞƌƉŽƉƵůĂƚŝŽŶĂŶĚĂĐƚŝǀŝͲ





ĐĂƌƚŝĂ ƚŽŶƐĂ ;ƌŝŐŚƚͿ͘ dŚĞ ďŽǆ ŝŶƐŝĚĞ ƚŚĞŵĂƌŝŶĞ ĨŽŽĚǁĞď ŚŝŐŚůŝŐŚƚƐ ƚŚĞ ƉƌĞĚĂƚŽƌͲƉƌĞǇ ƌĞůĂƚŝŽŶ ŽĨ ĐŽƉĞƉŽĚƐ ĂŶĚ
ƉŚǇƚŽƉůĂŶŬƚŽŶŝŶĐůƵĚŝŶŐĚŝĂƚŽŵƐ͘






WƐĞƵĚŽͲŶŝƚǌƐĐŚŝĂ ŵƵůƚŝƐĞƌŝĞƐ ΀ϭϬ͕ϭϭ΁ Žƌ ƉĂƌĂůǇƚŝĐ ƐŚĞůůĮƐŚ ƚŽǆŝŶƐ ;Ğ͘Ő͕͘ ƐĂǆŝƚŽǆŝŶͿ ŽĨ ƚŚĞ ŐĞŶƵƐ
ůĞǆĂŶĚƌŝƵŵ ;ƌĞǀŝĞǁĞĚ ŝŶ ΀ϭϮ͕ϭϯ΁Ϳ͘ dŚŝƐ ĐŽŶƐƚŝƚƵƚŝǀĞ ĐŚĞŵŝĐĂů ĚĞĨĞŶƐĞ ďĂƐĞƐ ŽŶ ƚŚĞ ƐƚŽƌĂŐĞ ŽĨ
ƚŽǆŝĐ ƐƵďƐƚĂŶĐĞƐ ŝŶ ƚŚĞ ĐĞůů ΀ϭϮ΁͘ ZĞůĞĂƐĞ ŽĨ ƚŚĞƐĞ ƚŽǆŝŶƐ ĚƵƌŝŶŐ ƉŚǇƚŽƉůĂŶŬƚŽŶ ďůŽŽŵƐ ŵĂǇ
ƚŚƌĞĂƚĞŶ ƉƵďůŝĐ ŚĞĂůƚŚ ďǇ ďŝŽĂĐĐƵŵƵůĂƚŝŽŶ ŝŶ ƐŚĞůůĨŝƐŚ ĂŶĚ ĐĂƵƐĞ ŵĂƐƐŝǀĞ ĨŝƐŚ ŬŝůůƐ ĂŶĚ ƚŚƵƐ




ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ ƉĞƌĐĞƉƚŝŽŶ ŽĨ ƐŝŐŶĂůƐ ĨƌŽŵ Ă ŚĞƌďŝǀŽƌĞ Žƌ ƉĂƚŚŽŐĞŶ ƚŚĂƚ ĐĂƵƐĞƐ ďŝŽƐǇŶƚŚĞƚŝĐ
ƵƉƌĞŐƵůĂƚŝŽŶ ŽĨ ŚĂƌŵĨƵů ŵĞƚĂďŽůŝƚĞƐ ΀ϭϮ΁͘ ůƐŽ ǁĂƚĞƌďŽƌŶĞ ĐƵĞƐ ĨƌŽŵ ƚŚĞ ĐŽƉĞƉŽĚ ͘ ƚŽŶƐĂ





Ǉ ĐŽŶƚƌĂƐƚ͕ ĚƵƌŝŶŐ ĂĐƚŝǀĂƚĞĚ ĐŚĞŵŝĐĂů ĚĞĨĞŶƐĞ͕ ƉŽƚĞŶƚ ĐŽŵƉŽƵŶĚƐ ĂƌĞ ƉƌŽĚƵĐĞĚ ĨƌŽŵ ůĞƐƐ
ƉŽƚĞŶƚ ƐƚŽƌĂŐĞ ĨŽƌŵƐ ƵƉŽŶ ĐĞůů ĚŝƐƌƵƉƚŝŽŶ͕ ǁŚŝĐŚ ĚŝŵŝŶŝƐŚĞƐ ƚŚĞ ƌŝƐŬ ŽĨ ƐĞůĨͲƚŽǆŝĐŝƚǇ͘  ǁŝĚĞͲ
ƐƉƌĞĂĚƉƌŽƉŽƐĞĚĚĞĨĞŶƐĞŵŽĚĞů ĂŵŽŶŐŵĂƌŝŶĞ ĂůŐĂĞ ŝŶǀŽůǀĞƐ ĐůĞĂǀĂŐĞŽĨ ɴͲĚŝŵĞƚŚǇůƐƵůĨŽŶŝŽͲ
ƉƌŽƉŝŽŶĂƚĞ ;D^WͿďǇƚŚĞĞŶǌǇŵĞD^WͲůǇĂƐĞĂĨƚĞƌǁŽƵŶĚŝŶŐ͘ŽƚŚŽĨ ƚŚĞ ƌĞƐƵůƚŝŶŐƉƌŽĚƵĐƚƐ͕
ĚŝŵĞƚŚǇůƐƵůĨŝĚĞĂŶĚĂĐƌǇůĂƚĞ͕ƉŽƐƐŝďůǇĂĐƚĂƐĨĞĞĚŝŶŐĚĞƚĞƌƌĞŶƚƐ΀ϭϳ͕ϭϴ΁͘
ŶŽƚŚĞƌĂĐƚŝǀĂƚĞĚĚĞĨĞŶƐĞ ƐƚƌĂƚĞŐǇŚĂƐďĞĞŶ ƌĞƉŽƌƚĞĚ ĨŽƌĚŝĂƚŽŵƐ ΀ϭϵ͕ϮϬ΁͘dƌĂĚŝƚŝŽŶĂůůǇ͕ ƚŚĞƐĞ
ŵŝĐƌŽĂůŐĂĞĂƌĞĐŽŶƐŝĚĞƌĞĚĂƐďĞŶĞĨŝĐŝĂůĨŽŽĚƐŽƵƌĐĞĨŽƌĐŽƉĞƉŽĚƐ͕ǁŚŝĐŚďƵŝůĚƚŚĞďĂƐŝƐĨŽƌƚŽƉ
ĐŽŶƐƵŵĞƌƐ ĂŶĚ ƚŚƵƐ ĨŝƐŚĞƌŝĞƐ ;&ŝŐƵƌĞ Ϯ͕ ůĞĨƚͿ͕ ďƵƚ Ă ƐĞƌŝĞƐ ŽĨ ƐƚƵĚŝĞƐ ŽĨ ĚŝĂƚŽŵ ĞĨĨĞĐƚƐ ŽŶ ƚŚĞ
ƌĞƉƌŽĚƵĐƚŝǀĞ ƐƵĐĐĞƐƐ ŽĨ ĐŽƉĞƉŽĚƐ ƌĞǀĞĂůĞĚ ĚŝŵŝŶŝƐŚĞĚ ŚĂƚĐŚŝŶŐ ƐƵĐĐĞƐƐ ĂŶĚŵĂůĨŽƌŵĂƚŝŽŶƐ ŝŶ
ƚŚĞĐŽƉĞƉŽĚŽĨĨƐƉƌŝŶŐ;ƌĞǀŝĞǁĞĚŝŶ΀Ϯϭ΁Ϳ͘dŚĞƐĞĞĨĨĞĐƚƐŚĂĚŶĞǀĞƌďĞĞŶĚĞŵŽŶƐƚƌĂƚĞĚďĞĨŽƌĞƚŚĞ
ŝŶŝƚŝĂů ƐƚƵĚŝĞƐ ŽĨ ƚŚĞ ϭϵϵϬƚŚ ĨŽƌ ƵŶŝĐĞůůƵůĂƌ ĂůŐĂĞ ΀Ϯϭ΁͘ /Ŷ ϭϵϵϵ͕DŝƌĂůƚŽ Ğƚ Ăů͘ ŝƐŽůĂƚĞĚ ƚŚĞ ůŽǁ
ŵŽůĞĐƵůĂƌ ǁĞŝŐŚƚ ƉŽůǇƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞƐ ;WhƐͿ Ϯ͕ϰͬͲĚĞĐĂĚŝĞŶĂů ;Ϳ ĂŶĚ Ϯ͕ϰͬ͕ϳͲ




&ŝŐƵƌĞϯ͘ 'ĞŶĞƌĂů ƐƚƌƵĐƚƵƌĞ ĂŶĚ ĞǆĂŵƉůĞƐ ŽĨ WhƐ͘ ůů WhƐ ĐŽŶƚĂŝŶ ƚŚĞ ĞƐƐĞŶƚŝĂů ƐƚƌƵĐƚƵƌĂů ɲ͕ɴ͕ɶ͕ɷͲƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞ
ĞůĞŵĞŶƚ ;Z с ĂůŬǇů͕ ĂůŬĞŶǇů͕ ĂůŬǇůͬĂůŬĞŶŽŝĐ ĂĐŝĚͿ ΀Ϯϯ΁͘ dŚĞɲ͕ɴͲĚŽƵďůĞ ďŽŶĚ ŝƐ ĂůǁĂǇƐ ƚƌĂŶƐͲĐŽŶƐƚŝƚƵƚĞĚ ;ƐĞĞ ĐŚĂƉƚĞƌ
ϭ͘Ϯ͘ϭͿ͘ĂŶĚdǁĞƌĞŝĚĞŶƚŝĨŝĞĚŝŶŵĂƌŝŶĞĚŝĂƚŽŵƐďǇDŝƌĂůƚŽĞƚĂů͘΀ϮϮ΁͘
Wh ƉƌŽĚƵĐƚŝŽŶ ŽĐĐƵƌƐǁŝƚŚŝŶ ƐĞĐŽŶĚƐ ĂĨƚĞƌ ǁŽƵŶĚŝŶŐ ŽĨ ĚŝĂƚŽŵƐ ΀ϮϬ΁ ĂŶĚ ŝŶǀŽůǀĞƐ ĚŝĨĨĞƌĞŶƚ
ĞŶǌǇŵĂƚŝĐƉƌŽĐĞƐƐĞƐƌĞƐƉŽŶƐŝďůĞĨŽƌƌĞůĞĂƐĞĂŶĚƚƌĂŶƐĨŽƌŵĂƚŝŽŶŽĨĨĂƚƚǇĂĐŝĚƐ͕ǁŚŝĐŚŝƐƐƵŵŵĂͲ
ƌŝǌĞĚ ŝŶ ƚŚĞ ŶĞǆƚ ƐĞĐƚŝŽŶ͘ dŚĞ Wh ƉƌŽĚƵĐƚŝŽŶ ĂĨƚĞƌ ŵĞĐŚĂŶŝĐĂů ĚŝƐƌƵƉƚŝŽŶ ŽĨ ƉŚǇƚŽƉůĂŶŬƚŽŶ
;ƌĞĨĞƌƌĞĚĂƐƉĂƌƚŝĐƵůĂƚĞWhͿŝŶƐƵƌĨĂĐĞǁĂƚĞƌƐƌĂŶŐĞƐĨƌŽŵǌĞƌŽƵƉƚŽƉŝĐŽŵŽůĂƌĐŽŶĐĞŶƚƌĂƚŝŽŶƐ
ŝŶ ƚŚĞƚůĂŶƚŝĐKĐĞĂŶ ΀Ϯϰ΁ ;ĨŽƌĐĞůůƐхϭϬђŵͿĂŶĚŶĂŶŽŵŽůĂƌĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ŝŶ ƚŚĞĚƌŝĂƚŝĐ^ĞĂ
΀Ϯϱ΁;ĨŽƌĐĞůůƐхϭ͘ϮђŵͿ͕ǁŚĞƌĞϮ͕ϰͲŚĞƉƚĂĚŝĞŶĂů;,ͿŝƐƚŚĞŵŽƐƚĂďƵŶĚĂŶƚŵĞƚĂďŽůŝƚĞ͘
dŚĞ ƉƌŽĚƵĐƚŝŽŶ ŽĨ ƚŚĞƐĞ ĂůĚĞŚǇĚĞƐ ǁĂƐ ŵĂŝŶůǇ ĂƚƚƌŝďƵƚĞĚ ƚŽ ŵĂƌŝŶĞ ĚŝĂƚŽŵƐ͕ ŝŶ ǁŚŝĐŚ Wh
ƉƌŽĚƵĐƚŝŽŶ ŝƐǁŝĚĞͲƐƉƌĞĂĚ͖ ƚŚĞŵĞƚĂďŽůŝƚĞƐŚĂǀĞďĞĞŶ ĨŽƵŶĚ ŝŶƉĞůĂŐŝĐ ƐƉĞĐŝĞƐ͕ ĨůŽĂƚŝŶŐ ŝŶ ƚŚĞ
ŽƉĞŶŽĐĞĂŶ͕ĂŶĚďĞŶƚŚŝĐĚŝĂƚŽŵƐ͕ůŝǀŝŶŐŽŶƚŚĞƐĞĚŝŵĞŶƚŽƌƐƵďͲƐĞĚŝŵĞŶƚůĂǇĞƌƐ΀Ϯϲ΁͘WhƐŚĂǀĞ
ĂůƐŽďĞĞŶĚĞƚĞĐƚĞĚŝŶĨƌĞƐŚǁĂƚĞƌĚŝĂƚŽŵƐ΀Ϯϲ͕Ϯϳ΁͕ŽƚŚĞƌŵŝĐƌŽĂůŐĂƐƉĞĐŝĞƐ΀Ϯϴ΁͕ĂŶĚŵĂĐƌŽĂůŐĂĞ
΀Ϯϵ͕ϯϬ΁͘ /Ŷ ĂĚĚŝƚŝŽŶ͕ Wh ƉƌŽĚƵĐƚŝŽŶ ĂŶĚ ŽĐĐĂƐŝŽŶĂůůǇ ƉƌŽƉŽƐĞĚ ĞĐŽůŽŐŝĐĂů ĂŶĚ ďŝŽůŽŐŝĐĂů ĨƵŶĐͲ
ƚŝŽŶƐ ;Ğ͘Ő͕͘ ƉŚĞƌŽŵŽŶĞ ĂĐƚŝǀŝƚǇ͕ ĐŚĞŵŝĐĂů ĚĞĨĞŶƐĞ ĂŐĂŝŶƐƚ ƉƌĞĚĂƚŽƌƐ͕ ŝŶĐƌĞĂƐĞ ŽĨ ŝŶĨůĂŵŵĂƚŽƌǇ






 %LRV\QWKHVLVELRORJLFDO IXQFWLRQV WDUJHWV DQGPRGHRI  DFWLRQRI  SRO\XQVDWXUDWHG
DOGHK\GHV
 %LRV\QWKHVLVRI 38$V



























dŚĞ ƉƌĞĐƵƌƐŽƌ ĨĂƚƚǇ ĂĐŝĚƐ ĂƌĞ ƌĞůĞĂƐĞĚ ĨƌŽŵ ƉŚŽƐƉŚŽͲ ĂŶĚ ŐĂůĂĐƚŽůŝƉŝĚƐ ŝŵŵĞĚŝĂƚĞůǇ ĂĨƚĞƌ ĐĞůů
ĚŝƐƌƵƉƚŝŽŶƵƉŽŶǁŽƵŶĚŝŶŐ͘tŚĞƌĞĂƐŚĞǆĂĚĞĐĂƚƌŝĞŶŽŝĐĂŶĚŚĞǆĂƚĞƚƌĂĞŶŽŝĐĂĐŝĚƐŽƌŝŐŝŶĂƚĞĂůŵŽƐƚ











ƐƵĐĐĞƐƐĂƐǁĞůů ĂƐ ŝŵƉĂŝƌĞĚĚĞǀĞůŽƉŵĞŶƚĂŶĚ ŝŶĚƵĐĞĚŵĂůĨŽƌŵĂƚŝŽŶƐ ŝŶ ƚŚĞĐŽƉĞƉŽĚŽĨĨƐƉƌŝŶŐ
;ƌĞǀŝĞǁĞĚ ŝŶ ΀Ϯϭ͕ϰϯ͕ϱϱ΁Ϳ͘ WhƐ ǁĞƌĞ ŵĂĚĞ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚŚĞƐĞ ĂŶƚŝͲƉƌŽůŝĨĞƌĂƚŝǀĞ ĂŶĚ
ƚĞƌĂƚŽŐĞŶŝĐĞĨĨĞĐƚƐ///΀ϮϮ͕ϱϲ΁ƚŚĂƚĞŶĂďůĞĂĚŝĂƚŽŵĚĞĨĞŶƐĞƐƚƌĂƚĞŐǇĂŐĂŝŶƐƚƉƌĞĚĂƚŽƌƐ;&ŝŐƵƌĞϱͿ͘

&ŝŐƵƌĞϱ͘ ^ĐŚĞŵĂƚŝĐ ƌĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨ ƚŚĞĞĐŽůŽŐŝĐĂů ƌŽůĞƐŽĨ WhƐ ŝŶĚŝĂƚŽŵͲƉůĂŶŬƚŽŶ ŝŶƚĞƌĂĐƚŝŽŶƐĂĨƚĞƌ >ĞĨůĂŝǀĞĂŶĚdĞŶͲ
,ĂŐĞ΀ϱϳ΁͘tŚŝƚĞĂƌƌŽǁƐŝŶĚŝĐĂƚĞŝŶƚĞƌĂĐƚŝŽŶƐďĞƚǁĞĞŶĚŝĂƚŽŵƐĂŶĚŐƌĂǌŝŶŐƉƌĞĚĂƚŽƌƐŽƌĐŽŵƉĞƚŝƚŽƌƐ͕ǁŚĞƌĞĂƐƐŽŵĞ




















ƐƉĞĐŝĨŝĐ ĂŶĚ ĚĞƉĞŶĚƐ ŽŶ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ĂŶ ɲ͕ɴ͕ɶ͕ɷͲ Žƌ Ăƚ ůĞĂƐƚ ĂŶɲ͕ɴͲƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞ
ŵŽƚŝǀĞ͕ǁŚĞƌĞĂƐƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐĂƌĞŶŽƚĂĐƚŝǀĞ΀ϱϭ͕ϲϬ΁͘
tŚŝůĞ WhƐ ĐĂŶ ĞǆƉůĂŝŶ ƐĞǀĞƌĂů ƐƚƵĚŝĞƐ ŽĨ ƉŽŽƌ ĐŽƉĞƉŽĚ ƌĞƉƌŽĚƵĐƚŝŽŶ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽ ĚŝĂƚŽŵ




ŵĂĚĞ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚŚĞ ŽďƐĞƌǀĞĚ ƚĞƌĂƚŽŐĞŶŝĐ ĞĨĨĞĐƚƐ ΀ϰϱ΁͗ >KyͲŝŶĚƵĐĞĚ ŚŝŐŚĞƌ ŵŽůĞĐƵůĂƌ
ǁĞŝŐŚƚŽǆǇůŝƉŝŶƐ ůŝŬĞ ĨĂƚƚǇĂĐŝĚŚǇĚƌŽƉĞƌŽǆŝĚĞƐ ;ƚŚĞƐĞ ŝŶĐůƵĚĞ ƚŚĞƉƌĞĐƵƌƐŽƌƐŽĨWhƐͿ͕ŚǇĚƌŽǆͲ
ŝĚĞƐ͕ĂŶĚĞƉŽǆǇĂůĐŽŚŽůƐ;&ŝŐƵƌĞϰ͕ďŽƚƚŽŵͿ΀ϰϰ͕ϰϱ͕ϲϲ΁ĂƐǁĞůůĂƐŚŝŐŚůǇƌĞĂĐƚŝǀĞŽǆǇŐĞŶƐƉĞĐŝĞƐ
;ZK^Ϳ͕ƐƵĐŚĂƐƚŚĞŚǇĚƌŽǆǇůƌĂĚŝĐĂů΀ϰϱ΁͕ŚĂǀĞďĞĞŶĐŽŶƐŝĚĞƌĞĚĂƐƚƌŝŐŐĞƌ͘ůƐŽĚĞƉůĞƚŝŽŶŽĨWh&Ɛ





ďĞĞŶ ƐƵŐŐĞƐƚĞĚ ;ƌĞǀŝĞǁĞĚ ŝŶ ΀ϱϳ΁͕ &ŝŐƵƌĞ ϱͿ͘ dŚŝƐ ĐŽŶĐĞƉƚ ǁĂƐ ƐƵƉƉŽƌƚĞĚ ďǇ sŝĚŽƵĚĞǌ ĂŶĚ
WŽŚŶĞƌƚ ΀ϲϵ΁͕ǁŚŽĚĞƐĐƌŝďĞĚ ĨŽƌ ƚŚĞ ĨŝƌƐƚ ƚŝŵĞĂ ƌĞůĞĂƐĞŽĨ WhƐďǇ ŝŶƚĂĐƚ^͘ ĐŽƐƚĂƚƵŵ ĐĞůůƐ ŝŶ
ůĂďŽƌĂƚŽƌǇƐƚƵĚŝĞƐ͘dŚĞƌĞďǇŝƚǁĂƐĚĞŵŽŶƐƚƌĂƚĞĚƚŚĂƚWhƐĚŽŶŽƚŽŶůǇŽĐĐƵƌƵƉŽŶǁŽƵŶĚŝŶŐŽĨ
ĚŝĂƚŽŵĐĞůůƐďƵƚĂƌĞĂůƐŽĂĐƚŝǀĞůǇ ƌĞůĞĂƐĞĚ ŝŶ ƚŚĞ ůĂƚĞƐƚĂƚŝŽŶĂƌǇƉŚĂƐĞŽĨ ƚŚĞ ŝŶƚĂĐƚĂůŐĂĞ ΀ϲϵ΁͘
>ĂƚĞƌ͕ƚŚĞĂĐƚŝǀĞƌĞůĞĂƐĞǁĂƐĐŽŶĨŝƌŵĞĚŝŶŵĞƐŽĐŽƐŵ;ůĂƌŐĞĞŶĐůŽƐƵƌĞƐĨŝůůĞĚǁŝƚŚƐĞĂǁĂƚĞƌͿĂŶĚ
ĨŝĞůĚ ƐƚƵĚŝĞƐ ΀Ϯϱ͕ϳϬ΁͘ dŚŝƐ ŵĂǇ ƉŽŝŶƚ ƚŽǁĂƌĚƐ WhƐ͛ ƉŽƚĞŶƚŝĂů ƚŽ ŝŶŝƚŝĂƚĞ ƚĞƌŵŝŶĂƚŝŽŶ ŽĨ ĂůŐĂů
ďůŽŽŵƐďǇĐĞůů ůǇƐŝƐ ΀Ϯϱ͕ϲϵ͕ϳϭ͕ϳϮ΁͘ƵƌŝŶŐĂďůŽŽŵ͕ ƐƚƌĞƐƐĂŶĚ ĐĞůů ůǇƐŝƐ ƌĂƚĞƐ ŝŶĐƌĞĂƐĞĂŶĚWh






Ă ĐĂůĐŝƵŵͲĚĞƉĞŶĚĞŶƚEKͲƐǇŶƚŚĂƐĞͲůŝŬĞ ĂĐƚŝǀŝƚǇ͘ ͲĐĂƵƐĞĚ ƐƚƌĞƐƐ ĐŽƵůĚďĞ ƚƌĂŶƐŵŝƚƚĞĚ ƚŽŶŽŶͲ
ĞǆƉŽƐĞĚĐĞůůƐďǇĂĚŝĨĨƵƐŝďůĞEKͲŝŶĚƵĐŝŶŐƐŝŐŶĂůĨƌŽŵƐƚƌĞƐƐĞĚĐĞůůƐŝŶW͘ƚƌŝĐŽƌŶƵƚƵŵ͕ĚĞŵŽŶƐƚƌĂͲ




WhƐ ŵĂǇ ĂĐƚ ĂƐ ĂůůĞůŽĐŚĞŵŝĐĂůƐs ŝŶ ŝŶƚĞƌƐƉĞĐŝĨŝĐ ƉŚǇƚŽƉůĂŶŬƚŽŶ ŝŶƚĞƌĂĐƚŝŽŶƐ ;&ŝŐƵƌĞ ϱͿ ďǇ





 7DUJHWVDQGPRGHRI DFWLRQRI SRO\XQVDWXUDWHGDOGHK\GHV
ĐƌŽůĞŝŶ͕ϰͲŚǇĚƌŽǆǇͲϮͲŶŽŶĞŶĂů ;,EͿ͕ĂŶĚĐƌŽƚŽŶĂůĚĞŚǇĚĞĂƌĞ ƚŚĞŵŽƐƚ ƌĞĂĐƚŝǀĞĂŶĚƚŽǆŝĐɲ͕ɴͲ
ƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞƐ ΀ϳϳ΁͘ dŚĞƐĞ ƐƵďƐƚĂŶĐĞƐ ĐŽŶƚƌŝďƵƚĞ ƚŽ ĞůĞĐƚƌŽƉŚŝůŝĐ ƐƚƌĞƐƐ ĂŶĚ ĚŝƐƌƵƉƚ
ŶŽƌŵĂů ĐĞůůƵůĂƌ ĨƵŶĐƚŝŽŶƐ ΀ϳϳ΁͘hŶƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐ͕ƉĂƌƚŝĐƵůĂƌůǇ ƚŚĞĂďŽǀĞŵĞŶƚŝŽŶĞĚ͕ŚĂǀĞ
ďĞĞŶƐŚŽǁŶƚŽĐŽǀĂůĞŶƚůǇƌĞĂĐƚǁŝƚŚŶƵĐůĞŽƉŚŝůŝĐĐĞŶƚĞƌƐŽĨĚŝǀĞƌƐĞďŝŽŵŽůĞĐƵůĞƐƐƵĐŚĂƐĂŵŝŶŽ
ĂĐŝĚƐ͕ƉĞƉƚŝĚĞƐ͕ƉƌŽƚĞŝŶƐ͕E͕ZE͕ůŝƉŝĚƐ͕ĂŶĚƉŚŽƐƉŚŽůŝƉŝĚƐ΀ϳϴ͕ϳϵ΁͘
dŚĞ ĂĐƚŝǀŝƚǇŽĨ ƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞƐ ;ϮͲĞŶĂůƐͿ ĂŶĚWhƐ ĐŽŶƚĂŝŶŝŶŐĂϮ͕ϰͲĚŝĞŶĂůŵŽƚŝǀĞ ;ǁŝƚŚ
ŽƉƚŝŽŶĂůŶŽŶͲĐŽŶũƵŐĂƚĞĚĚŽƵďůĞďŽŶĚƐͿĐĂŶďĞĂƚƚƌŝďƵƚĞĚƚŽƚŚĞĞůĞĐƚƌŽƉŚŝůŝĐDŝĐŚĂĞůĂĐĐĞƉƚŽƌ






























ŝŶĐůƵĚŝŶŐ ĂŶĚ ϭ͕ϰͲDŝĐŚĂĞůͲƚǇƉĞ ĂĚĚŝƚŝŽŶƐ ďŽƚŚ ĨŽůůŽǁĞĚ ďǇ ŝŶƚƌĂŵŽůĞĐƵůĂƌ ĐǇĐůŝǌĂƚŝŽŶ ƌĞĂĐͲ






ŶŝƐŵƐŽĨĂĐƚŝŽŶs// ůĞĂĚŝŶŐ ƚŽ ƚŚĞŽďƐĞƌǀĞĚWhͲŝŶĚƵĐĞĚƉŚĞŶŽƚǇƉĞƐ ĂƌĞ ƐƚŝůůƉŽŽƌůǇƵŶĚĞƌƐƚŽŽĚ
΀ϱϱ΁͘dŚĞ ĨĞǁĂǀĂŝůĂďůĞ ŝŶĨŽƌŵĂƚŝŽŶ ĂďŽƵƚWhƐ͛ŵŽĚĞŽĨĂĐƚŝŽŶs// ĂƌĞ ƐƵŵŵĂƌŝǌĞĚ ŝŶ ƚŚĞŶĞǆƚ
ƐĞĐƚŝŽŶ͘,ŽǁĞǀĞƌ͕ŵŽƐƚŽĨƚŚĞůŝƚĞƌĂƚƵƌĞŝƐƌĞƐƚƌŝĐƚĞĚƚŽĂĚĞƐĐƌŝƉƚŝǀĞůĞǀĞů͘dŚĞĐŽŵƉůĞǆůŝŶŬĂŐĞ














ŶĂůƉĂƌƚŝĐƵůĂƌůǇ ƌĞůĂƚĞĚƚŽ ƌĞƉƌŽĚƵĐƚŝǀĞĂŶĚĚĞǀĞůŽƉŵĞŶƚĂůƉƌŽĐĞƐƐĞƐ ΀ϱϱ΁͘ĂŶĚdƌĞĚƵĐĞĚ
ƚŚĞ ǀŽůƚĂŐĞͲŐĂƚĞĚ ĐĂůĐŝƵŵ ĐƵƌƌĞŶƚ ĂĐƚŝǀŝƚǇ ŽĨ ƚŚĞ ƉůĂƐŵĂ ŵĞŵďƌĂŶĞ ŝŶ ĂƐĐŝĚŝĂŶ ĞŵďƌǇŽƐ ĂŶĚ
ĂĐƚĞĚĂƐĨĞƌƚŝůŝǌĂƚŝŽŶĐŚĂŶŶĞůďůŽĐŬĞƌƐ΀ϵϯ΁͘ĞƐŝĚĞƐŝŶƚĞƌĨĞƌĞŶĐĞŝŶĐĂůĐŝƵŵƐŝŐŶĂůŝŶŐ͕WhƐŚĂǀĞ
ĂůƐŽ ďĞĞŶ ƌĞƉŽƌƚĞĚ ƚŽ ĂĨĨĞĐƚ ƚŚĞ ĐǇƚŽƐŬĞůĞƚŽŶ ΀ϲϬ͕ϵϯ΁͕ ǁŚŝĐŚ ŝƐ ĞƐƐĞŶƚŝĂů ƚŽ ĂůŵŽƐƚ Ăůů ĐĞůůƵůĂƌ
ĨƵŶĐƚŝŽŶƐ ŝŶĐůƵĚŝŶŐ ŵŝƚŽƚŝĐ ĞǀĞŶƚƐ ĂŶĚ ĐǇƚŽŬŝŶĞƐŝƐ ΀ϱϱ΁͘ ,ĂŶƐĞŶ Ğƚ Ăů͘ ĚĞŵŽŶƐƚƌĂƚĞĚ ŶĞŐĂƚŝǀĞ
ĞĨĨĞĐƚƐŽĨŽŶŬĞǇĞǀĞŶƚƐŽĨŵŝƚŽƚŝĐĐĞůůĚŝǀŝƐŝŽŶĂŶĚĐŽŵƉůĞƚĞŝŶŚŝďŝƚŝŽŶŽĨƚŚĞŬĞǇĐĞůůĐǇĐůĞ
ƌĞŐƵůĂƚŽƌ ĐǇĐůŝŶ ͬĐǇĐůŝŶͲĚĞƉĞŶĚĞŶƚ ŬŝŶĂƐĞ ϭ ;ĚŬϭͿ ĐŽŵƉůĞǆ ŝŶ ƐĞĂƵƌĐŚŝŶ ĞŵďƌǇŽƐ͖ ĚŬϭǁĂƐ
ŶŽƚĂďůĞƚŽŵĂŝŶƚĂŝŶŝƚƐŬŝŶĂƐĞĂĐƚŝǀŝƚǇďǇƉŚŽƐƉŚŽƌǇůĂƚŝŶŐƚŚĞŚŝƐƚŽŶĞ,ϭĂĨƚĞƌĐŽǀĂůĞŶƚƌĞĂĐƚŝŽŶ
ǁŝƚŚ  ΀ϵϰ΁͘ ^ƚĂŝŶŝŶŐ ŽĨ ĂŶƚŝďŽĚŝĞƐ ĂŐĂŝŶƐƚ ɲͲƚƵďƵůŝŶ ƌĞǀĞĂůĞĚ ƚŚĂƚ ͲŝŶĐƵďĂƚĞĚ ĞŐŐƐ ŶĞǀĞƌ
ĨŽƌŵĞĚ Ă ĚŝƐƚŝŶĐƚ ŵŝƚŽƚŝĐ ƐƉŝŶĚůĞ ΀ϵϰ΁͘ /Ŷ ƚŚĞ ĂƐĐŝĚŝĂŶ ŝŽŶĂ ŝŶƚĞƐƚŝŶĂůŝƐ͕  ĂĨĨĞĐƚĞĚ ƚŚĞ
ƌĞŽƌŐĂŶŝǌĂƚŝŽŶ ŽĨ ĂĐƚŝŶ ĨŝůĂŵĞŶƚƐ ĂŶĚŵŝƚŽĐŚŽŶĚƌŝĂůŵŝŐƌĂƚŝŽŶ ůĞĂĚŝŶŐ ƚŽ Ă ĚŝƐƚƵƌďĂŶĐĞ ŝŶ ĐĞůů
ĐůĞĂǀĂŐĞĂŶĚŝŶĚƵĐƚŝŽŶŽĨůĂƌǀĂůƚĞƌĂƚŽŐĞŶŝĐŝƚǇ΀ϵϯ΁͘
ĞůůĚĞĂƚŚĂƐĂĐŽŶƐĞƋƵĞŶĐĞŽĨĂƉŽƉƚŽƐŝƐĂŶĚƐŽŵĞƚŝŵĞƐŶĞĐƌŽƐŝƐs///ŚĂƐďĞĞŶƌĞƉŽƌƚĞĚŝŶĐŽƉĞͲ
ƉŽĚ ĂĚƵůƚ ƚŝƐƐƵĞ͕ ŝŶ ƉĂƌƚŝĐƵůĂƌ ŐŽŶĂĚƐ͕ ĂƐ ǁĞůů ĂƐ ŝŶ ĞĂƌůǇ ĐŽƉĞƉŽĚ ĂŶĚ ƐĞĂ ƵƌĐŚŝŶ ĞŵďƌǇŽŶŝĐ
ƐƚĂŐĞƐĂŶĚůĂƌǀĂĞŝŶƌĞƐƉŽŶƐĞƚŽĚŝĂƚŽŵƐŽƌ;ƌĞǀŝĞǁĞĚŝŶ΀ϱϱ΁Ϳ͘dǇƉŝĐĂůŚĂůůŵĂƌŬƐŽĨĂƉŽƉƚŽƐŝƐ
ŝŶĐůƵĚĞEůĂĚĚĞƌŝŶŐ͕ĐŚƌŽŵĂƚŝŶĚŝƐƉĞƌƐĂů͕ĂĐƚŝǀĂƚŝŽŶͬƌĞůĞĂƐĞŽĨĐĞƌƚĂŝŶƉƌŽƚĞŝŶƐ;Ğ͘Ő͕͘ĐĂƐƉĂƐĞƐ͕
ĐǇƚŽĐŚƌŽŵĞ ĐͿ ĂƐ ǁĞůů ĂƐ ĐŚĂŶŐĞ ŽĨ ƚŚĞŝƌ ŐĞŶĞ ĞǆƉƌĞƐƐŝŽŶ͕ ĂŶĚ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐ ŵŽƌƉŚŽůŽŐŝĐĂů






















ƚƌŽƉŝĐƵŵ ΀ϭϬϯ΁ ĂŶĚ ŝŶ ^͘ ĐŽƐƚĂƚƵŵ ΀ϭϬϰ΁͕ ŚĂǀĞ ďĞĞŶ ĂƚƚƌŝďƵƚĞĚ ƚŽ ďĞ ŬĞǇ ĐŽŵƉŽŶĞŶƚƐ ŽĨ ƚŚĞ
ŵŽůĞĐƵůĂƌ ĐĂƐĐĂĚĞ ůĞĂĚŝŶŐ ƚŽ ĐĞůů ĚĞĂƚŚ͘ >ĂƵƌŝƚĂŶŽ Ğƚ Ăů͘ ΀ϵϴ΁ ĞǆƉůŽƌĞĚ ĐŚĂŶŐĞƐ ŝŶ ĞǆƉƌĞƐƐŝŽŶ
ůĞǀĞůƐŽĨĚŝĨĨĞƌĞŶƚŐĞŶĞƐ ŝŶ ƚŚĞĐŽƉĞƉŽĚĂůĂŶƵƐŚĞůŐŽůĂŶĚŝĐƵƐ ŝŶƌĞƐƉŽŶƐĞƚŽƐƚƌŽŶŐĂŶĚǁĞĂŬ
ŽǆǇůŝƉŝŶͲƉƌŽĚƵĐŝŶŐĚŝĂƚŽŵƐ;^ŬĞůĞƚŽŶĞŵĂŵĂƌŝŶŽŝǀƐ͘ŚĂĞƚŽĐĞƌŽƐƐŽĐŝĂůŝƐͿ͘ƉŽƉƚŽƐŝƐƌĞŐƵůĂƚŝŽŶ




ɲͲ ĂŶĚ ɴͲƚƵďƵůŝŶƐ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽ ^͘ ŵĂƌŝŶŽŝ ĐŽŵƉĂƌĞĚ ƚŽ Ă ĐŽŶƚƌŽů ĚŝĞƚ ŽĐĐƵƌƌĞĚ ΀ϵϴ΁͘ KŶůǇ
ƌĞĐĞŶƚůǇ͕sĂƌƌĞůůĂĞƚĂů͘ ΀ϭϬϭ΁ĞǀĞŶƉƌŽƉŽƐĞĚĞĨĨĞĐƚƐŽĨĚŝĨĨĞƌĞŶƚWhƐŽŶŐĞŶĞŶĞƚǁŽƌŬƐ ŝŶƚŚĞ










ŝƐ ƉƌŽďĂďůǇŵŽƌĞ ƐƵƐĐĞƉƚŝďůĞ ƚŽ ƚŽǆŝĐ ĚŝĂƚŽŵ ĚŝĞƚƐ ĚƵĞ ƚŽ ůĞƐƐ ĞǆƉŽƐƵƌĞ ƚŽ ůŽŶŐͲůĂƐƚŝŶŐ ƐƉƌŝŶŐ
ĚŝĂƚŽŵďůŽŽŵƐ ΀ϵϵ΁͘ůƐŽŵĞŵďĞƌƐŽĨ ƚŚĞ ĂůĚŽͲŬĞƚŽ ƌĞĚƵĐƚĂƐĞ ĨĂŵŝůǇ ΀ϵϬ΁ŵĂǇĚĞŐƌĂĚĞWhƐ͕
ďƵƚƌĞůĞǀĂŶƚŐĞŶĞƐǁĞƌĞŶŽƚƐĞůĞĐƚĞĚŝŶƚŚŝƐƐƚƵĚǇ͘/ŶƚŚĞWhͲƉƌŽĚƵĐŝŶŐ^͘ŵĂƌŝŶŽŝ͕ƚŚĞƐǇŶƚŚĞƐŝƐ
ŽĨ ĐĂƌŽƚĞŶŽŝĚƐ ƚŽ ŵĂŝŶƚĂŝŶ ƉŚŽƚŽƐǇŶƚŚĞƚŝĐ ƉĞƌĨŽƌŵĂŶĐĞ ΀ϭϬϮ΁ ǁĂƐ ĞŶŚĂŶĐĞĚ ĚƵƌŝŶŐ Wh
ĞǆƉŽƐƵƌĞĂƐĂƉŽƚĞŶƚŝĂůƉƌŽƚĞĐƚŝŽŶŵĞĐŚĂŶŝƐŵ͘>ŽǁŵŽůĞĐƵůĂƌǁĞŝŐŚƚƉĞƉƚŝĚĞƐ ůŝŬĞŐůƵƚĂƚŚŝŽŶĞ
ĐŽŶƚƌŝďƵƚĞĚ ƚŽ Wh ĚĞƚŽǆŝĨŝĐĂƚŝŽŶ ŝŶ ŵŽĚĞů ŝŶǀĞƐƚŝŐĂƚŝŽŶƐ ΀ϴϰ΁ ĂŶĚ ƉƌŽďĂďůǇ ĂůƐŽ ĂĐƚ ĂƐ
ĚĞƚŽǆŝĨǇŝŶŐƐƵďƐƚĂŶĐĞƐŝŶƉůĂŶŬƚŽŶŝĐŽƌŐĂŶŝƐŵƐ͘
ĞƐŝĚĞƐĐůƵĞƐŽĨƚŚĞƉŽƚĞŶƚŝĂůŵŽĚĞŽĨĂĐƚŝŽŶŽĨWhƐĂŶĚĂůƚĞƌĞĚŐĞŶĞĞǆƉƌĞƐƐŝŽŶ͕ŵŽƐƚŽĨƚŚĞ
ƌĞƐĞĂƌĐŚ ĂĚĚƌĞƐƐĞĚ ƚŚĞ ďŝŽůŽŐŝĐĂů ŽƵƚĐŽŵĞ ŽĨ ĞĨĨĞĐƚƐ ŽĨ WhƐ ŽŶ ƐĞǀĞƌĂů ŽƌŐĂŶŝƐŵƐ ;ĐŚĂƉƚĞƌ
ϭ͘Ϯ͘ϮͿ͘&ƌĞƋƵĞŶƚůǇ͕ĂƵƚŚŽƌƐƐƵŐŐĞƐƚĞĚƉŽƚĞŶƚŝĂůĐŽǀĂůĞŶƚďŽŶĚĨŽƌŵĂƚŝŽŶƐŽĨWhƐǁŝƚŚƉƌŽƚĞŝŶƐ
ĂŶĚE;Ğ͘Ő͕͘΀ϱϱ͕ϲϬ͕ϵϰ΁Ϳ͕ďƵƚŶŽǀĞƌŝĨŝĞĚĐŽǀĂůĞŶƚůǇŵŽĚŝĨŝĞĚƚĂƌŐĞƚƐ ŝŶƚŚĞĐŽŶƚĞǆƚŽĨĚŝĂƚŽŵͲ








ŵŝĐ ƐƚƵĚŝĞƐ ĐĂŶ ďĞ ĂƉƉůŝĞĚ͘ /Ŷ ƚŚĞ ůĂƐƚ ĐŚĂƉƚĞƌ ƚŚĞ ŝŶĨůƵĞŶĐĞ ŽĨ  ŽŶ ƚŚĞ ƚƌĂŶƐĐƌŝƉƚŽŵĞ ŽĨ
ĐĞƌƚĂŝŶƉůĂŶŬƚŽŶŝĐƐƉĞĐŝĞƐǁĂƐŝŶƚƌŽĚƵĐĞĚ͘ĚĚŝƚŝŽŶĂůůǇ͕ŶƵĐůĞŽƉŚŝůŝĐŵŽŝĞƚŝĞƐŽĨƉƌŽƚĞŝŶƐŽĨĨĞƌĂ










ĂŶĚ ĐĞŶƚĞƌͿ͘ dŚĞǇ ĐŽǀĂůĞŶƚůǇ ƌĞĂĐƚ ǁŝƚŚ ĞŶǌǇŵĞƐ͕ ŵŽƐƚůǇ Ăƚ ƚŚĞ ĂĐƚŝǀĞ ƐŝƚĞ ŝŶ ĂŶ ŝŶŚŝďŝƚŽƌǇ
ŵĂŶŶĞƌ͘ ^ŝŶĐĞ ƚŚĞŝƌ ŝŶƚƌŽĚƵĐƚŝŽŶ ŝŶ ƚŚĞ ůĂƚĞ ϭϵϵϬƚŚ͕ WƐ ĨŽƌ ĚŝǀĞƌƐĞ ĞŶǌǇŵĞ ĐůĂƐƐĞƐ ŝŶĐůƵĚŝŶŐ
ƉƌŽƚĞĂƐĞƐ͕ ŐůƵĐŽƐŝĚĂƐĞƐ͕ ŬŝŶĂƐĞƐ͕ ƉŚŽƐƉŚĂƚĂƐĞƐ͕ ŽǆŝĚŽƌĞĚƵĐƚĂƐĞƐ͕ ĂŶĚ ŽƚŚĞƌƐ ŚĂǀĞ ďĞĞŶ ĚĞǀĞůͲ
ŽƉĞĚ;ƌĞǀŝĞǁĞĚŝŶ΀ϭϬϴ͕ϭϬϵ΁Ϳ͘
Ŷ W ĐŽŶƐŝƐƚƐ ŽĨ ƚǁŽ ĐŽƌĞ ĞůĞŵĞŶƚƐ͗ ;/Ϳ ƚŚĞ ƌĞĂĐƚŝǀĞ ŐƌŽƵƉ ;Z'Ϳ ŝƐ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ĐŽǀĂůĞŶƚ
ŵŽĚŝĨŝĐĂƚŝŽŶŽĨƚŚĞŶƵĐůĞŽƉŚŝůŝĐĂĐƚŝǀĞƐŝƚĞŽĨĂƉƌŽƚĞŝŶ͘ /ƚƵƐƵĂůůǇĐŽŶƚĂŝŶƐƐƚƌƵĐƚƵƌĞƐŽĨŬŶŽǁŶ
ĞŶǌǇŵĞ ŝŶŚŝďŝƚŽƌƐ Žƌ ƐƵďƐƚƌĂƚĞƐ ƚŽ ƉƌŽĨŝůĞ ƐƉĞĐŝĨŝĐ ĐůĂƐƐĞƐ ŽĨ ĞŶǌǇŵĞƐ ŝŶ Ă ĚŝƌĞĐƚĞĚ ŵĂŶŶĞƌ͖
ŐĞŶĞƌĂů ĞůĞĐƚƌŽƉŚŝůŝĐ ŵŽƚŝǀĞƐ ;Ğ͘Ő͕͘ɲͲĐŚůŽƌŽĂĐĞƚĂŵŝĚĞ͕DŝĐŚĂĞů ĂĐĐĞƉƚŽƌƐ͕ ĞƉŽǆŝĚĞƐ͕ ƐƵůĨŽŶĂƚĞ
ĞƐƚĞƌƐ΀ϭϭϬ΁ͿŚĂǀĞďĞĞŶƵƚŝůŝǌĞĚƚŽƉƌŽĨŝůĞŵƵůƚŝƉůĞĞŶǌǇŵĞƐŝŶĂŶŽŶͲĚŝƌĞĐƚĞĚǁĂǇ͘&ƵƌƚŚĞƌŵŽƌĞ͕
WƐĐŽŶƚĂŝŶ;//ͿĂƌĞƉŽƌƚĞƌƚĂŐ͕ǁŚŝĐŚŝƐƵƐƵĂůůǇĂĚǇĞĨŽƌĨůƵŽƌĞƐĐĞŶĐĞͲďĂƐĞĚǀŝƐƵĂůŝǌĂƚŝŽŶŽƌĂŶ

























ǀŝƚƌŽ ĂƉƉůŝĐĂƚŝŽŶ͕ ƉƌŽƚĞŝŶƐ ĂƌĞ ƌĞŵŽǀĞĚ ĨƌŽŵ ƚŚĞŝƌ ŶĂƚŝǀĞ ĞŶǀŝƌŽŶŵĞŶƚ͕ ǁŚŝĐŚ ĐŚĂŶŐĞƐ ƚŚĞ













ĞƌĞĚ ĂƐ ƉƌŽƚŽƚǇƉŝĐĂů ƌĞĂĐƚŝŽŶ͕ ǁŚŝĐŚ ƌĞƐƵůƚƐ ŝŶ ƚŚĞ ĨŽƌŵĂƚŝŽŶ ŽĨ Ă ϭ͕ϰͲƐƵďƐƚŝƚƵƚĞĚ ϭ͕Ϯ͕ϯͲƚƌŝĂǌŽů
;&ŝŐƵƌĞϳ͕ĐĞŶƚĞƌͿ͘
KƚŚĞƌďŝŽŽƌƚŚŽŐŽŶĂůƐƚƌĂƚĞŐŝĞƐ͕ǁŚŝĐŚĞŶĂďůĞĨŽƌŵĂƚŝŽŶŽĨĂƐƉĞĐŝĨŝĐƉƌŽĚƵĐƚǁŝƚŚŽƵƚŝŶƚĞƌĨĞƌŝŶŐ
ǁŝƚŚ ŽƚŚĞƌ ďŝŽŵŽůĞĐƵůĞƐ͕ ĐŽŵƉƌŝƐĞ ĐŽƉƉĞƌ ĨƌĞĞ ĐůŝĐŬ ĐŚĞŵŝƐƚƌǇ ǁŝƚŚ ĐǇĐůŽŽĐƚǇŶĞƐ ĂŶĚ ĂǌŝĚĞƐ
΀ϭϭϵ΁͕ ƚŚĞ ^ƚĂƵĚŝŶŐĞƌ ůŝŐĂƚŝŽŶ ďĞƚǁĞĞŶ ĂǌŝĚĞƐ ĂŶĚ ƚƌŝĂƌǇůƉŚŽƐƉŚŝŶĞƐ ΀ϭϮϬ΁͕ ŝŶǀĞƌƐĞ ĞůĞĐƚƌŽŶͲ
ĚĞŵĂŶĚŝĞůƐͲůĚĞƌƌĞĂĐƚŝŽŶƐŽĨƚĞƚƌĂǌŝŶĞƐǁŝƚŚĂůŬĞŶĞƐ΀ϭϮϭ΁͕ĂŶĚŽƚŚĞƌƐ΀ϭϭϵ͕ϭϮϭ΁͘ŽŵƉĂƌĞĚ
ƚŽƵ͕ƚŚŽƐĞƌĞĂĐƚŝŽŶƐĂƌĞůĞƐƐĨƌĞƋƵĞŶƚůǇƵƐĞĚĨŽƌWƐ΀ϭϭϲ΁͘
dǁŽͲƐƚĞƉ WW ǁĂƐ ƉĂƌƚŝĐƵůĂƌůǇ ĚĞǀĞůŽƉĞĚ ĨŽƌ ŝŶ ǀŝǀŽ Žƌ ŝŶ ƐŝƚƵ ƵƚŝůŝǌĂƚŝŽŶ͘ dŚĞƌĞĨŽƌĞ͕ ƚŚĞ
ƚĞƌŵŝŶĂůĂůŬǇŶĞ ;ŽƌĂǌŝĚĞͿͲĐŽŶƚĂŝŶŝŶŐZ' ŝƐĂƉƉůŝĞĚ ƚŽ ƚŚĞďŝŽůŽŐŝĐĂů ƐǇƐƚĞŵ;&ŝŐƵƌĞϳ͕ďŽƚƚŽŵͿ͘
^ƵďƐĞƋƵĞŶƚ Ƶ ŝŶ ĐĞůů ůǇƐĂƚĞƐ ĞŶĂďůĞƐ ŝŶƚƌŽĚƵĐƚŝŽŶ ŽĨ ƚŚĞ ƌĞƉŽƌƚĞƌ͘ /ŶͲŐĞů ĨůƵŽƌĞƐĐĞŶĐĞ
ĚĞƚĞĐƚŝŽŶ ŝŶ ϭ Žƌ ůĞƐƐ ĨƌĞƋƵĞŶƚůǇ Ϯ ŐĞůƐ Žƌ ĂĨĨŝŶŝƚǇ ĞŶƌŝĐŚŵĞŶƚ ŝŶ ĐŽŵďŝŶĂƚŝŽŶ ǁŝƚŚ ůŝƋƵŝĚ
ĐŚƌŽŵĂƚŽŐƌĂƉŚǇ ĐŽƵƉůĞĚ ƚŽ ŵĂƐƐ ƐƉĞĐƚƌŽŵĞƚƌǇ ;>ͲD^Ϳ ĂƌĞ ĂƉƉůŝĞĚ ƚŽ ƐĞƉĂƌĂƚĞ ĂŶĚ ŝĚĞŶƚŝĨǇ
ůĂďĞůĞĚƉƌŽƚĞŝŶƐ;ƐĞĞĐŚĂƉƚĞƌϭ͘ϯ͘ϮͿ΀ϭϮϮ΁͘
WWĂůƐŽŚĂƐďĞĐŽŵĞĂƉŽǁĞƌĨƵůŵĞƚŚŽĚƚŽƐƚƵĚǇƉƌŽƚĞŝŶƚĂƌŐĞƚƐŽĨŶĂƚƵƌĂůƉƌŽĚƵĐƚƐ΀ϭϭϭ͕ϭϮϮ΁͕
ĞƐƉĞĐŝĂůůǇ ŝĨ ƚŚĞ ŝŶƚĞƌĂĐƚŝŽŶŽĨ ƚŚĞƐĞĐŽŵƉŽƵŶĚƐĂŶĚƚŚĞƉƌŽƚĞŝŶƚĂƌŐĞƚƐĂƌĞĐŽǀĂůĞŶƚ ŝŶŶĂƚƵƌĞ
΀ϭϮϮ΁͘dŚĞƌĞĨŽƌĞ͕ŶĂƚƵƌĂůƉƌŽĚƵĐƚĚĞƌŝǀĂƚŝǀĞƐƚŚĂƚĂƌĞƚĂŐŐĞĚǁŝƚŚĂďŝŽŽƌƚŚŽŐŽŶĂůŚĂŶĚůĞ;Ğ͘Ő͕͘
ĂůŬǇŶĞ͕ĂǌŝĚĞͿĂƌĞƵƐƵĂůůǇĂƉƉůŝĞĚŝŶĨŽƌŵŽĨƚǁŽͲƐƚĞƉWW͘
Ɛ ĂŶ ĞǆĂŵƉůĞ͕ ƚǁŽͲƐƚĞƉWƐ ŚĞůƉĞĚ ƚŽ ŝĚĞŶƚŝĨǇ ƌĞƐŝƐƚĂŶĐĞŵĞĐŚĂŶŝƐŵƐ ŝŶ ďĂĐƚĞƌŝĂ͘ /ƚ ŝƐǁĞůů
ŬŶŽǁŶ ƚŚĂƚ ɴͲůĂĐƚĂŵͲĐŽŶƚĂŝŶŝŶŐ ŶĂƚƵƌĂů ƉƌŽĚƵĐƚƐ ƐƵĐŚ ĂƐ ƉĞŶŝĐŝůůŝŶ ďůŽĐŬ ďĂĐƚĞƌŝĂů ŐƌŽǁƚŚ ďǇ
ŝŶŚŝďŝƚŝŽŶ ŽĨ ĞŶǌǇŵĞƐ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ĐĞůůǁĂůů ďŝŽƐǇŶƚŚĞƐŝƐ͘ Ǉ ĚĞǀĞůŽƉŝŶŐ Ă Z' ďĂƐĞĚ ŽŶ ƚŚĞ



















Žƌ ďŝŽƚŝŶͲĐŽŶƚĂŝŶŝŶŐ W ŝƐ ƐŽĚŝƵŵ ĚŽĚĞĐǇů ƐƵůĨĂƚĞ ƉŽůǇĂĐƌǇůĂŵŝĚĞ ŐĞů ĞůĞĐƚƌŽƉŚŽƌĞƐŝƐ ;^^Ͳ
W'Ϳ͘ĨƚĞƌƉƌŽƚĞŝŶƐĂƌĞƐĞƉĂƌĂƚĞĚĂĐĐŽƌĚŝŶŐƚŽƚŚĞŝƌƐŝǌĞ͕ŝŶͲŐĞůĨůƵŽƌĞƐĐĞŶĐĞĚĞƚĞĐƚŝŽŶĞŶĂďůĞƐ
ǀŝƐƵĂůŝǌĂƚŝŽŶ ŽĨ ĨůƵŽƌĞƐĐĞŶƚůǇ ůĂďĞůĞĚ ƉƌŽƚĞŝŶƐ͕ ǁŚĞƌĞĂƐ ĂǀŝĚŝŶ ďůŽƚƚŝŶŐ ŝƐ ƵƐĞĚ ĨŽƌ ďŝŽƚŝŶͲ
ĐŽŶƚĂŝŶŝŶŐ WƐ ΀ϭϬϳ͕ϭϭϲ΁͘ ^^ͲW' ŝƐ Ă ƌŽďƵƐƚ ĂŶĚ ĨĂƐƚŵĞƚŚŽĚ ďƵƚ ƐƵĨĨĞƌƐ ĨƌŽŵ ƌĞƐƚƌŝĐƚĞĚ
ƌĞƐŽůƵƚŝŽŶůĞĂĚŝŶŐƚŽĐŽͲŵŝŐƌĂƚĞĚƉƌŽƚĞŝŶƐ͘ϮŐĞůĞůĞĐƚƌŽƉŚŽƌĞƐŝƐĂĚĚŝƚŝŽŶĂůůǇƌĞƐŽůǀĞƐƉƌŽƚĞŝŶƐ




ƉĞƉƚŝĚĞƐ ďǇ ůŝƋƵŝĚ ĐŚƌŽŵĂƚŽŐƌĂƉŚǇͬƚĂŶĚĞŵ ŵĂƐƐ ƐƉĞĐƚƌŽŵĞƚƌǇ ;>ͲD^ͬD^Ϳ͘ ƵƌŝŶŐ ƌĞǀĞƌƐĞĚ
ƉŚĂƐĞ ĐŚƌŽŵĂƚŽŐƌĂƉŚŝĐ ƐĞƉĂƌĂƚŝŽŶ͕ ƉĞƉƚŝĚĞƐ ĂƌĞĞůƵƚĞĚ ŝŶŽƌĚĞƌŽĨ ƚŚĞŝƌ ŚǇĚƌŽƉŚŽďŝĐŝƚǇ͘ĨƚĞƌ
ƉĂƐƐŝŶŐƚŚĞĐŽůƵŵŶ͕ƚŚĞƉĞƉƚŝĚĞƐĂƌĞƵƐƵĂůůǇ ŝŽŶŝǌĞĚďǇĞůĞĐƚƌŽƐƉƌĂǇ ŝŽŶŝǌĂƚŝŽŶ;^/ͿĂŶĚƚƌĂŶƐͲ
ĨĞƌƌĞĚƚŽƚŚĞŵĂƐƐƐƉĞĐƚƌŽŵĞƚĞƌ͕ǁŚŝĐŚĐǇĐůĞƐĨŽƌŝŶƐƚĂŶĐĞďĞƚǁĞĞŶƚǁŽƐĞƋƵĞŶĐĞƐ΀ϭϮϰ΁͗ĂĨŝƌƐƚ
ƐĞƋƵĞŶĐĞŽďƚĂŝŶƐ ƚŚĞŵĂƐƐ ƐƉĞĐƚƌƵŵŽĨ ƚŚĞƉĞƉƚŝĚĞƐ͕ ŝŶ Ă ƐĞĐŽŶĚ ƐĞƋƵĞŶĐĞ ƚŚĞ ƚĂŶĚĞŵŵĂƐƐ
ƐƉĞĐƚƌĂ ĐŽŵƉŽƐĞĚ ŽĨ ĨƌĂŐŵĞŶƚƐ ŽĨ ƐŝŶŐůĞ ƉƌĞƐĞůĞĐƚĞĚ ƉƌĞĐƵƌƐŽƌ ƉĞƉƚŝĚĞƐ ;ĚĂƚĂͲĚĞƉĞŶĚĞŶƚ
ĂĐƋƵŝƐŝƚŝŽŶ͕ Ϳ Žƌ ƉƌĞĐƵƌƐŽƌ ƉĞƉƚŝĚĞƐǁŝƚŚŽƵƚ Žƌ ůĞƐƐ ƉƌĞƐĞůĞĐƚŝŽŶ ;ĚĂƚĂͲŝŶĚĞƉĞŶĚĞŶƚ ĂĐƋƵŝͲ
ƐŝƚŝŽŶ͕/ͿĂƌĞƌĞĐŽƌĚĞĚ͘ŝĨĨĞƌĞŶƚƚǇƉĞƐŽĨƐƵŝƚĂďůĞŵĂƐƐƐƉĞĐƚƌŽŵĞƚĞƌƐĂŶĚƚĂŶĚĞŵƚĞĐŚŶŝƋƵĞƐ
;ĂĐƋƵŝƐŝƚŝŽŶĐǇĐůĞƐͿĂƌĞĂǀĂŝůĂďůĞ;ƌĞǀŝĞǁĞĚŝŶ΀ϭϮϱ΁Ϳ͘&ŝŶĂůůǇ͕ĚĞƉĞŶĚŝŶŐŽŶƚŚĞĂĐƋƵŝƐŝƚŝŽŶŵŽĚĞ͕






 ƐƚƌĂƚĞŐǇ ƚŚĂƚ ƋƵĂŶƚŝĨŝĞƐ ůĂďĞůĞĚ ƉƌŽƚĞŝŶƐ ĂŶĚ ĚĞƚĞƌŵŝŶĞƐ ƚŚĞ ƐŝƚĞ ŽĨ ůĂďĞůŝŶŐ ŝƐ dKWͲWW
΀ϭϭϯ͕ϭϭϳ΁͘dŚĞƌĞďǇ͕ƚŚĞƉƌŽƚĞŽŵĞŝƐůĂďĞůĞĚŝŶĂƚǁŽͲƐƚĞƉĂƉƉƌŽĂĐŚďǇĂŶĂůŬǇŶĞͲĐŽŶƚĂŝŶŝŶŐZ'
ĂŶĚ ƚŚĞŶ ƐƵďũĞĐƚĞĚ ƚŽ Ƶ ƚŽ ĂƚƚĂĐŚ Ă ďŝŽƚŝŶͲĂǌŝĚĞ ƌĞƉŽƌƚĞƌ ƚŚĂƚ ĐŽŶƚĂŝŶƐ Ă ds ƉƌŽƚĞĂƐĞ
ĐůĞĂǀĂŐĞƐŝƚĞ͘ŝŽƚŝŶͲůĂďĞůĞĚƉƌŽƚĞŝŶƐĂƌĞĞŶƌŝĐŚĞĚďǇŝŶĐƵďĂƚŝŽŶǁŝƚŚ;ƐƚƌĞƉƚͿĂǀŝĚŝŶďĞĂĚƐ͘ĨƚĞƌ




















ŶŝƋƵĞƐĞŶĂďůĞ ƚǁŽͲƐƚĞƉĂƉƉƌŽĂĐŚĞƐ͕ǁŚŝĐŚĂůůŽǁ ŝŶƚƌŽĚƵĐƚŝŽŶŽĨ ƐƚĞƌŝĐĂůůǇĚĞŵĂŶĚŝŶŐ ƌĞƉŽƌƚĞƌ
ƚĂŐƐ͕ ƐƵĐŚ ĂƐ ĨůƵŽƌŽƉŚŽƌĞƐ Žƌ ĂĨĨŝŶŝƚǇ ƚĂŐƐ͕ ůŝŬĞ ƐŚŽǁŶ ďĞĨŽƌĞ ŝŶ WW ;ĐŚĂƉƚĞƌ ϭ͘ϯ͘ϭͿ͘ ĞƐŝĚĞƐ




ƌĂĚŝŽŝƐŽƚŽƉĞƐ͘ DŽƐƚ ĐŽŵŵŽŶůǇ ƵƐĞĚ ĨůƵŽƌŽƉŚŽƌĞƐ ŝŶ WƐ ĐŽŵƉƌŝƐĞ ĨůƵŽƌĞƐĐĞŝŶ͕ ƌŚŽĚĂŵŝŶĞ͕
ĚĂŶƐǇů͕ ϰͲĐŚůŽƌŽͲϳͲŶŝƚƌŽďĞŶǌŽ΀Đ΁΀ϭ͕Ϯ͕ϱ΁ŽǆĂĚŝĂǌŽůĞ ;EͲůͿ͕ ĚŝƉǇƌƌŽŵĞƚŚĞŶĞ ďŽƌŽŶ ĚŝĨůƵŽƌŝĚĞ
;K/WzͿ͕ ĂŶĚ ĐǇĂŶŝŶĞ ;ǇͿ ĚǇĞƐ ΀ϭϯϬ΁͕ ďƵƚ Ă ŚƵŐĞ ǀĂƌŝĞƚǇ ŽĨ ŽƚŚĞƌ ŽƌŐĂŶŝĐ ĨůƵŽƌŽƉŚŽƌĞƐ ŝƐ
ĂǀĂŝůĂďůĞ΀ϭϯϭ΁͘ůƐŽŽƚŚĞƌƚĞĐŚŶŝƋƵĞƐ͕ ůŝŬĞĚŝƐƚĂŶĐĞͲĚĞƉĞŶĚĞŶƚĨůƵŽƌĞƐĐĞŶĐĞďǇĐŽŵďŝŶĂƚŝŽŶŽĨ
ĨůƵŽƌŽƉŚŽƌĞƐ ƵƐŝŶŐ &ƂƌƐƚĞƌ ƌĞƐŽŶĂŶĐĞ ĞŶĞƌŐǇ ƚƌĂŶƐĨĞƌ Žƌ ĨůƵŽƌĞƐĐĞŶĐĞ ƋƵĞŶĐŚŝŶŐ ĂŶĚ
ďŝŽůƵŵŝŶĞƐĐĞŶƚŝŵĂŐŝŶŐ͕ĂƌĞƉŽƐƐŝďůĞ;ƌĞǀŝĞǁĞĚŝŶ΀ϭϯϮ΁Ϳ͘
ĞƐŝĚĞƐ ĨůƵŽƌĞƐĐĞŶĐĞ ĚĞƚĞĐƚŝŽŶ͕ ĂůƐŽŵĂƐƐ ƐƉĞĐƚƌŽŵĞƚƌǇ ŝƐ ƵƐĞĚ ƚŽŵŽŶŝƚŽƌ ďŝŽŵŽůĞĐƵůĞƐ͘ EŽƚ
ŽŶůǇ ďŝŽŽƌƚŚŽŐŽŶĂů ĐŽƵƉůŝŶŐ ĞŶĂďůĞƐ ŝŶƚƌŽĚƵĐƚŝŽŶ ŽĨ Ă ƚĂŐ͕ ŵĂŶǇ ƐƚƌĂƚĞŐŝĞƐ ŵĂŬĞ ƵƐĞ ŽĨ ƚŚĞ












ůĂďĞůŝŶŐ ŽĨ ĂŵŝŶĞ ŐƌŽƵƉƐ ǀŝĂEͲŚǇĚƌŽǆǇƐƵĐĐŝŶŝŵŝĚĞ ;E,^ͿͲĞƐƚĞƌƐ ΀ϭϯϯ΁ Žƌ ƚŚŝŽůƐǁŝƚŚ ŝŽĚŽĂĐĞƚͲ
ĂŵŝĚĞĚĞƌŝǀĂƚŝǀĞƐ ΀ϭϯϰ΁ŚĂǀĞďĞĞŶƵƚŝůŝǌĞĚ ƚŽ ĐŽŵƉĂƌĞĞǆƉƌĞƐƐŝŽŶ ůĞǀĞůƐŽĨ ƉƌŽƚĞŝŶƐ ǀŝĂ ƐƚĂďůĞ
ŝƐŽƚŽƉĞ ůĂďĞůƐ͘ŵŽŶŐƚŚĞƐĞ ůĂďĞůƐ͕ ŝƐŽƚŽƉĞͲĐŽĚĞĚĂĨĨŝŶŝƚǇƚĂŐƐ;/dͿĐŽŵƉƌŝƐĞŚĞĂǀǇĂŶĚ ůŝŐŚƚ
ƌĞƉŽƌƚĞƌƐĨŽƌůĂďĞůŝŶŐŽĨĚŝĨĨĞƌĞŶƚƉƌŽƚĞŝŶƐĂŵƉůĞƐĨŽůůŽǁĞĚďǇŵĂƐƐƐƉĞĐƚƌŽŵĞƚƌŝĐƋƵĂŶƚŝĨŝĐĂƚŝŽŶ
ŽĨůĂďĞůĞĚƉĞƉƚŝĚĞƐŝŶƚŚĞĐŽŵďŝŶĞĚƐĂŵƉůĞƐ΀ϭϯϰ΁͘dŚĞƐĞŝƐŽƚŽƉĞͲĐŽĚĞĚƉƌŽďĞƐŚĂǀĞĂůƐŽďĞĞŶ






^ŵĂůů ŵĞƚĂďŽůŝƚĞƐ ŚĂǀĞ ďĞĞŶ ĐŽǀĂůĞŶƚůǇ ůĂďĞůĞĚ ǁŝƚŚ ƚĂŐƐ ƚŚĂƚ ƚĂƌŐĞƚ ĚŝƐƚŝŶĐƚ ĐůĂƐƐĞƐ ŽĨ ƐŵĂůů
ŵŽůĞĐƵůĞƐ ĐĂƌƌǇŝŶŐ ĐŽŵŵŽŶ ĐŚĞŵŝĐĂů ĨƵŶĐƚŝŽŶĂůŝƚŝĞƐ ;Ğ͘Ő͕͘ ĂŵŝŶĞƐ͕ ĂůĐŽŚŽůƐ͕ ĂĐŝĚƐ͕ ƚŚŝŽůƐ͕
ŬĞƚŽŶĞƐͬĂůĚĞŚǇĚĞƐͿ͘ ŚĂƌŐĞĚ ƚĂŐƐ ůŝŬĞ ĂŵŵŽŶŝƵŵ ΀ϭϰϬ͕ϭϰϭ΁ Žƌ ƉŚŽƐƉŚŽŶŝƵŵ ΀ϭϰϮ΁ ĞŶŚĂŶĐĞ
ŝŽŶŝǌĂƚŝŽŶŝŶ^/ƉŽƐŝƚŝǀĞŵŽĚĞĂŶĚŝŵƉƌŽǀĞƌĞƚĞŶƚŝŽŶďĞŚĂǀŝŽƌĚƵƌŝŶŐĐŚƌŽŵĂƚŽŐƌĂƉŚŝĐƐĞƉĂƌĂͲ











ĐĂŶ ďĞ ƌĞůĂƚĞĚ ƚŽ ďŝŽůŽŐŝĐĂů ĞĨĨĞĐƚƐ ŽĨ WhƐ ŝŶ ĂŵĞƐŽĐŽƐŵ ƐƚƵĚǇ͘ dŚĞŵĂŝŶ ĞŵƉŚĂƐŝƐ ŽĨ ƚŚĞ
ƚŚĞƐŝƐǁĂƐƚŽĚĞĞƉĞŶƚŚĞŵĞĐŚĂŶŝƐƚŝĐƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨĞĨĨĞĐƚƐŽĨWhƐ͘^ŽĨĂƌ͕WhƚĂƌŐĞƚƐĂŶĚ
ƚŚĞŝƌ ŵĞĐŚĂŶŝƐŵƐ ŽĨ ĂĐƚŝŽŶ ĂƌĞ ŽŶůǇ ƉŽŽƌůǇ ŝŶǀĞƐƚŝŐĂƚĞĚ͘ / ƐƚƌŝǀĞĚ ƚŽ ƵŶǀĞŝů Wh ƵƉƚĂŬĞ ĂŶĚ
ƚĂƌŐĞƚƐ ŽĨ ƚŚĞƐĞ ŽǆǇůŝƉŝŶƐ ƚŚĂƚ ĂƌĞ ĐŽǀĂůĞŶƚůǇ ŵŽĚŝĨŝĞĚ ǁŝƚŚ ĞŵƉŚĂƐŝƐ ŽŶ ƉƌŽƚĞŝŶƐ ;&ŝŐƵƌĞ ϴͿ͘
,ŽǁĞǀĞƌ͕ƚŚĞƉƌĞĐŝƐĞĂƐƐƵƌĂŶĐĞŽĨĂŵŽůĞĐƵůĂƌƚĂƌŐĞƚŝŶĂĐĐŽƌĚĂŶĐĞǁŝƚŚƉŚĂƌŵĂĐĞƵƚŝĐĂůƉƌĂĐƚŝĐĞ
ǁĂƐ ŶŽƚ ƚŚĞ Ăŝŵ ŽĨ ƚŚŝƐ ǁŽƌŬ͕ ƌĂƚŚĞƌ Ă ƐĐƌĞĞŶŝŶŐ ŽĨ ƉƵƚĂƚŝǀĞ ƚĂƌŐĞƚƐ ĂŶĚ ĚĞƌŝǀĞĚ ĨƌŽŵ ƚŚĞƐĞ
ĨŝŶĚŝŶŐƐ͕ ƚŚĞ ĚŝƐĐůŽƐƵƌĞ ŽĨ ƉŽƚĞŶƚŝĂůůǇ ĂĨĨĞĐƚĞĚ ďŝŽůŽŐŝĐĂů ƉĂƚŚǁĂǇƐ ĂŶĚ ŵŽůĞĐƵůĂƌ ĨƵŶĐƚŝŽŶƐ͘
ĞƐŝĚĞƐ Wh ƚĂƌŐĞƚ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ͕ / ĂŝŵĞĚ ƚŽ ĚĞƐŝŐŶ Ă ŶĞǁ ƌĞƉŽƌƚĞƌŵŽůĞĐƵůĞ ĨŽƌ ƉƌŽďĞƐ ĂŶĚ
ŽƚŚĞƌĂƉƉůŝĐĂƚŝŽŶƐŝŶƚŚĞĨŝĞůĚŽĨĐŚĞŵŝĐĂůďŝŽůŽŐǇ;&ŝŐƵƌĞϴͿ͘

&ŝŐƵƌĞϴ͘ ^ƵŵŵĂƌǇ ŽĨ ƚŚĞ ĂŝŵƐ ŽĨ ƚŚŝƐ ƚŚĞƐŝƐ͘ ŝĂƚŽŵƐ ƉƌŽĚƵĐĞ WhƐ ƵƉŽŶǁŽƵŶĚŝŶŐ͕ ĐĞůů ůǇƐŝƐ͕ ĂŶĚ ďǇ ŝŶƚĂĐƚ ĐĞůůƐ ;ŐƌĞĞŶ
ĂƌƌŽǁƐͿ΀ϮϬ͕ϲϵ͕ϳϬ͕ϭϰϲ΁͘ĞƐŝĚĞƐƋƵĂŶƚŝĨŝĐĂƚŝŽŶŽĨƚŚĞƐĞŵĞƚĂďŽůŝƚĞƐ͕ƚŚĞŝƌƵƉƚĂŬĞ;ƌĞĚĂƌƌŽǁͿĂŶĚĐŽǀĂůĞŶƚƌĞĂĐƚŝŽŶƐ










ďĞ ŽďƐĞƌǀĞĚ ŝŶ Ă ŵĞƐŽĐŽƐŵ ĞǆƉĞƌŝŵĞŶƚ ŝŶ ĐŽůůĂďŽƌĂƚŝŽŶ ǁŝƚŚ ŽƚŚĞƌ ƌĞƐĞĂƌĐŚĞƌƐ͘ ƵƌŝŶŐ ƚŚŝƐ
ƐƚƵĚǇ͕ĚŝůƵƚŝŽŶĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞƉůĂŶŶĞĚƚŽĞǆĂŵŝŶĞŵŝĐƌŽǌŽŽƉůĂŶŬƚŽŶĐŽŵŵƵŶŝƚǇŐƌĂǌŝŶŐŽŶ
ƉŚǇƚŽƉůĂŶŬƚŽŶ͘ tĞ ĂƚƚĞŵƉƚĞĚ ƚŽ ĞŶůŝŐŚƚĞŶ ƉƌĞǀŝŽƵƐ ƵŶĞǆƉůĂŝŶĂďůĞ ƌĞƐƵůƚƐ ŽĨ ŐƌĂǌŝŶŐ ĞǆƉĞƌŝͲ












































WŚĂĞŽĐǇƐƚŝƐ ƉŽƵĐŚĞƚŝŝ ƵŶĚĞƌ ĐůŽƐĞͲƚŽͲŶĂƚƵƌĞ ĐŽŶĚŝƚŝŽŶƐ͘ dŚĞ ĚĂƚĂ ƉƌŽǀŝĚĞ ĞǆƉůĂŶĂƚŝŽŶ ĨŽƌ ƚŚĞ
ƌĞƐƵůƚƐ ŽĨ ĚŝůƵƚŝŽŶ ĞǆƉĞƌŝŵĞŶƚƐ ƚŚĂƚ ĞǆĂŵŝŶĞ ŵŝĐƌŽǌŽŽƉůĂŶŬƚŽŶ ĐŽŵŵƵŶŝƚǇ ŐƌĂǌŝŶŐ ŽŶ ƉŚǇƚŽͲ
ƉůĂŶŬƚŽŶ͘tŝƚŚŝŶƚŚĞĞǆƉĞƌŝŵĞŶƚƐ͕ŶĞƚŐƌŽǁƚŚŽĨƉŚǇƚŽƉůĂŶŬƚŽŶŝŶĚŝůƵƚĞĚƐĂŵƉůĞƐǁĂƐĚŝƐƚŽƌƚĞĚ
ƌĞƐƵůƚŝŶŐ ŝŶ ƵŶƵƐƵĂů ůŽǁ ŐƌĂǌŝŶŐ ĐŽĞĨĨŝĐŝĞŶƚƐ͘tĞ ĂƐĐƌŝďĞĚ ƚŚĞƐĞ ŝŶŚŝďŝƚŝŶŐ ĞĨĨĞĐƚƐ ƚŽ ďŝŽĂĐƚŝǀĞ
WhƐ͕ ǁŚŝĐŚ ǁĞƌĞ ƌĞůĞĂƐĞĚ ďǇ ĚĂŵĂŐĞĚ ĂůŐĂů ĐĞůůƐ ĚƵƌŝŶŐ ĨŝůƚƌĂƚŝŽŶ ŽĨ ƐĞĂ ǁĂƚĞƌ ĨŽƌ ĚŝůƵƚĞĚ
ƚƌĞĂƚŵĞŶƚƐ͘
$XWKRUFRQWULEXWLRQV
<^ƚŽĞĐŬĞƌ WůĂŶŶĞĚ ƚŚĞ ŵĞƐŽĐŽƐŵ ƌĞƐĞĂƌĐŚ ĂƉƉƌŽĂĐŚ͖ ĐŽŶĐĞŝǀĞĚ͕ ĚĞƐŝŐŶĞĚ͕ ĂŶĚ





'WŽŚŶĞƌƚ WůĂŶŶĞĚ ƚŚĞ ŵĞƐŽĐŽƐŵ ƌĞƐĞĂƌĐŚ ĂƉƉƌŽĂĐŚ͕ ƐƵƉĞƌǀŝƐĞĚ ^t͕ ĂŶĂůǇǌĞĚ ƚŚĞ

















,ĞŝŶƚǌŵĂŶŶ͕ KůŝǀĞƌ tĞƌǌ͕ ůĞƓ ^ǀĂƚŽƓ͕ 'ĞŽƌŐ WŽŚŶĞƌƚ͘ W>Ž^ KE ϮϬϭϱ͕ ϭϬ;ϭϬͿ͗ĞϬϭϰϬϵϮϳ͘
ĚŽŝ͗ϭϬ͘ϭϯϳϭͬũŽƵƌŶĂů͘ƉŽŶĞ͘ϬϭϰϬϵϮϳ͘
6XPPDU\
WhƐŚĂǀĞďĞĞŶ ƐŚŽǁŶ ƚŽŵĞĚŝĂƚĞ ĐĞůůͲƚŽͲĐĞůů ƐŝŐŶĂůŝŶŐ͘ /ŶƉĂƌƚŝĐƵůĂƌ͕ Ϯ͕ϰͬͲĚĞĐĂĚŝĞŶĂů ;Ϳ
ŝŶĐƌĞĂƐĞĚŝŶƚƌĂĐĞůůƵůĂƌĐĂůĐŝƵŵĐŽŶĐĞŶƚƌĂƚŝŽŶ͕EKŐĞŶĞƌĂƚŝŽŶ͕ĂŶĚƚƌĂŶƐĐƌŝƉƚŝŽŶĂůĐŚĂŶŐĞƐŝŶƚŚĞ
ĚŝĂƚŽŵ W͘ ƚƌŝĐŽƌŶƵƚƵŵ͘ dŽ ŝŵƉƌŽǀĞ ƵŶĚĞƌƐƚĂŶĚŝŶŐ ŽĨ ƚŚĞ ƵŶĚĞƌůǇŝŶŐ ŵĞĐŚĂŶŝƐƚŝĐ ĂƐƉĞĐƚƐ͕ ǁĞ
ƐƚƵĚŝĞĚWhƵƉƚĂŬĞĂŶĚƚĂƌŐĞƚƐ ŝŶW͘ƚƌŝĐŽƌŶƵƚƵŵďǇƵƐŝŶŐŵŽůĞĐƵůĂƌƉƌŽďĞƐƐŝŵŝůĂƌƚŽĂĐƚŝǀŝƚǇͲ
ďĂƐĞĚ ƉƌŽƚĞŝŶ ƉƌŽĨŝůŝŶŐ ;WWͿ͘ ƉƉůŝĐĂƚŝŽŶ ŽĨ ƚŚĞ ͲĚĞƌŝǀĞĚ͕ ĨůƵŽƌĞƐĐĞŶƚ ƉƌŽďĞ dDZͲWh
ƌĞǀĞĂůĞĚƐƵďƐƚĂŶƚŝĂůƵƉƚĂŬĞ ŝŶĐĞůůƐďǇ ĨůƵŽƌĞƐĐĞŶĐĞŵŝĐƌŽƐĐŽƉǇĐŽŵƉĂƌĞĚƚŽĂƐĂƚƵƌĂƚĞĚĂůĚĞͲ
ŚǇĚĞĐŽŶƚƌŽůƉƌŽďĞ͘/ŶĂƐƵďƐĞƋƵĞŶƚƚǁŽͲƐƚĞƉWWĂƉƉƌŽĂĐŚ͕ǁĞƌĞĐĞŝǀĞĚƐĞůĞĐƚŝǀĞĨůƵŽƌĞƐĐĞŶƚ





























^ƚĞĨĂŶŝĞ tŽůĨƌĂŵ͕ :ĞŶƐ  EĞũƐƚŐĂĂƌĚ͕ 'ĞŽƌŐ WŽŚŶĞƌƚ͘ W>Ž^ KE ϮϬϭϰ͕ ϵ;ϭϭͿ͗ĞϭϭϮϱϮϮ͘ ĚŽŝ͗
ϭϬ͘ϭϯϳϭͬũŽƵƌŶĂů͘ƉŽŶĞ͘ϬϭϭϮϱϮϮ͘
6XPPDU\
WhƐŚĂǀĞďĞĞŶƐŚŽǁŶƚŽ ŝŶƚĞƌĨĞƌĞǁŝƚŚĐŽƉĞƉŽĚƌĞƉƌŽĚƵĐƚŝŽŶ͕ďƵƚWhƵƉƚĂŬĞ ƚŽ ŝŶǀĞƐƚŝŐĂƚĞ
ƚŚŝƐŝƐƐƵĞŚĂƐŶŽƚďĞĞŶĂĚĚƌĞƐƐĞĚƚŽĚĂƚĞ͘tĞĚĞǀĞůŽƉĞĚĂĨĞĞĚŝŶŐĂŶĚŵŽŶŝƚŽƌŝŶŐƉƌŽĐĞĚƵƌĞĨŽƌ
ĂĚƵůƚ ĨĞŵĂůĞƐ ŽĨ ƚŚĞ ĐŽƉĞƉŽĚ ͘ ƚŽŶƐĂ ƚŽ ůŽĐĂůŝǌĞ ƚŚĞ ĨůƵŽƌĞƐĐĞŶƚ ƉƌŽďĞ dDZͲWh ƚŚĂƚ ŝƐ
ďĂƐĞĚŽŶƚŚĞD͕E͕J͕GͲƵŶƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞĂŶĚƚŚĞƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞͲĚĞƌŝǀĞĚdDZͲ^ĂƐ
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Abstract
Microzooplankton dilution grazing experiments conducted in phytoplankton rich waters, particularly in
polar and subpolar seas, often result in calculation of nonsigniﬁcant or negative grazing coefﬁcients. We
hypothesized that preparation of ﬁltered seawater (FSW) from water containing high biomass of phytoplankton
results in release of allelochemicals that inhibit phytoplankton growth, lowering the net growth of phytoplank-
ton in the more diluted treatments. We tested this hypothesis during blooms of Skeletonema marinoi and Phaeo-
cystis pouchetii in a nutrient-enriched mesocosm in the Raunefjord, Norway. During the S. marinoi bloom,
inhibition of phytoplankton growth occurred in the diluted treatments. Simultaneously the concentration of
total as well as dissolved polyunsaturated aldehydes (PUAs) was elevated. Passage of the FSW through a carbon
cellulose cartridge to remove dissolved organic material reduced, or eliminated, the inhibition. In the early
phase of the P. pouchetii bloom that followed the diatom bloom in the mesocosm, PUA concentration was rela-
tively low and the untreated FSW had a less drastic, but often signiﬁcant, inhibitory effect on phytoplankton
growth. Laboratory experiments with cultures of S. marinoi and P. pouchetii conﬁrmed that material present in
ﬁltrate prepared from diluted cultures was self-inhibitory. Many phytoplankters, particularly during late stages
of a bloom, produce inhibitory metabolites that may be released during ﬁltration of the relatively large volumes
of seawater needed for dilution experiments. Under some conditions, dilution grazing experiments may under-
estimate phytoplankton growth coefﬁcients and microzooplankton grazing coefﬁcients.
Dilution experiments have been used extensively in
coastal and oceanic waters to estimate phytoplankton
growth and microzooplankton community grazing and to
compare carbon cycling in the upper ocean among marine
systems (Calbet and Landry 2004). However, dilution experi-
ments in polar and subpolar seas often yield difﬁcult to
interpret results, including “0” estimates of microzooplank-
ton grazing when microzooplankton abundances are high
and “reverse” slopes that result in the calculation of
“negative’ estimates of grazing. This has been noted during
Phaeocystis antarctica blooms in the Ross Sea, Antarctica
(Caron et al. 2000), Phaeocystis pouchetii blooms in the Arctic
Ocean and Bering Sea (Calbet et al. 2011; Stoecker et al.
2014) and during ice-associated diatom blooms in the Bering
Sea (Sherr et al. 2013). Low microzooplankton grazing in
polar and subpolar waters has been ascribed to the effects of
low water temperatures on microzooplankton grazing and
growth (Rose and Caron 2007, but see Franze` and Lavrentyev
2014), but cannot explain negative grazing coefﬁcients (g).
Statistically signiﬁcant negative grazing coefﬁcients can
occur even with addition of inorganic nutrients to prevent
nutrient limitation in the diluted treatments (Sherr et al.
2013; Stoecker et al. 2014). Negative grazing is impossible,
but negative values of “g” result when the net or apparent
growth rate of the phytoplankton, K, is lower in the diluted
than the undiluted treatments. In the absence of grazing, K
should be equal in diluted and undiluted treatments. With
grazing, K should be higher in the diluted treatments
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because dilution reduces encounter rate between microzoo-
plankton grazers and their phytoplankton prey. The opposite
trend, lower K in the diluted than undiluted treatments,
indicates a violation of one of the central assumptions of the
dilution technique, that the instantaneous growth (l) of
phytoplankton is the same in all dilutions (Landry and Has-
sett 1982).
We hypothesized that inhibitory metabolites released dur-
ing preparation of the ﬁltered seawater (FSW) used for dilu-
tion of the whole seawater (WSW) can negatively affect
phytoplankton growth. To test this hypothesis, we con-
ducted dilution grazing experiments in spring 2012 during
sequential blooms of Skeletonema marinoi and P. pouchetii in
an in situ mesocosm in the Raunefjord at the Marine Biolog-
ical Station, University of Bergen, Norway. Both S. marinoi
and P. pouchetii produce polyunsaturated aldehydes (PUAs)
that can inhibit growth of phytoplankton (Pohnert 2000;
Hansen and Eilertson 2007) and reproduction or growth of
zooplankton (Pohnert et al. 2002; Ianora and Miralto 2010).
We conducted dilution experiments during the exponential,
stationary, and declining phase of a S. marinoi bloom, and
during the early and exponential stages of a P. pouchetii
bloom in the mesocosm. We compared the net growth rate
of phytoplankton in a diluted treatment in which the FSW
had been passed through a carbon cellulose cartridge to
reduce dissolved organic material to that in a control dilu-
tion treatment, in which the FSW was not passed through
the cartridge. We measured the net growth of phytoplankton
in the undiluted treatments and compared that to the daily
net increase of chlorophyll a (Chl a) in the mesocosm. We
later conducted laboratory dilution experiments with cul-
tured P. pouchetti and S. marinoi to conﬁrm our results that
organic agents released during preparation of dilution water
could be self-inhibitory. We thereby determined that there
are conditions in which the dilution technique results in
underestimation of microzooplankton grazing and explored
modiﬁcations to the dilution protocol that might allow the
technique to be applied under these conditions.
Methods
Mesocosm
We conducted our experiment in a nitrate and phosphate
enriched large volume (10 m3) in situ mesocosm as part of a
larger mesocosm experiment conducted in the Raunefjord,
western Norway (608160N, 058140E) in March 2012 at the
Marine Biological Station, University of Bergen, Norway. The
design of the mesocosms, ﬁlling and mixing are as described
for an earlier experiment at the same location in Nejstgaard
et al. (2006). On 8 March 2012 (day 0), the mesocosms were
ﬁlled with unﬁltered seawater from the fjord (31.8 psu) and
on the following day, 9 March (day 1), the mesocosms
received different control or nutrient enrichments. The
mesocosm experiment ended on 30 March 2012.
For the experiments described herein, we used mesocosm
M2, which was enriched with 16 lM nitrate and 1 lM phos-
phate to stimulate a bloom of P. pouchetii. Because of the
high silicate concentrations in the fjord in early March, a S.
marinoi bloom developed ﬁrst, followed by a P. pouchetii
bloom after silicate depletion. Thus, we were able to conduct
dilution experiments during two types of blooms, although,
unfortunately, the mesocosm experiment ended before the
peak of the P. pouchetii bloom occurred.
Each morning a SAIV SD204 CTD was used to measure
water temperature throughout the water column in the mes-
ocosm. A 35-L carboy was ﬁlled with a subsurface sample
( 0.5 m depth) from the mesocosm. The carboy was imme-
diately brought to the laboratory, placed in a 4oC environ-
mental chamber, and sampled for Chl a, nutrients (nitrite,
nitrate, phosphate, and silicate), phytoplankton and micro-
zooplankton. The details of Chl a and nutrient analyses are
presented in Nejstgaard et al. (2006). The daily net growth
rate (K, d21) of phytoplankton in the mesocosm was esti-
mated from the change in Chl a from the previous sampling
day as ln Chl at2 ln Chl at-1.
Microzooplankton, S. marinoi and P. pouchetii were ana-
lyzed by a Flow Cam II as described in Jonasdottir et al.
(2011) and in Vidoudez et al. (2011a). Brieﬂy, images of P.
pouchetii, S. marinoi, and microzooplankton were manually
separated from the FlowCAM image collages. Colonial P.
pouchetii cells were estimated by calibrating grayscale area to
cell number of P. pouchetii images collected, whereas S. mari-
noi cell numbers were estimated from calibrated cell number
to chain length relationships. In addition to the daily sam-
ples, separate 10 L samples were collected every third day for
analyses of particulate and dissolved PUAs.
Determination, analysis, and quantification of particulate
and dissolved PUAs
PUAs produced by S. marinoi, including 2,4-heptadienal,
2,4-octadienal, and 2,4,7-octatienal, were quantiﬁed as well
as 2,4-decadienal, which is produced by P. pouchetii (Wichard
et al. 2005; Hansen and Eilertson 2007). Determination of
the production of PUAs by cells was performed according to
a slightly modiﬁed protocol based on Vidoudez et al.
(2011b). Important steps in the Vidoudez et al. protocol are
brieﬂy described, whereas steps which varied from the
Vidoudez et al. (2011b) protocol are described in detail in an
online supplement (Supporting Information).
Dilution grazing experiments in the mesocosm
For calculation of growth and grazing rates, we used the
two-point dilution method (Landry et al. 2008), which pro-
vides similar results to the original Landry and Hassett
(1982) dilution series protocol (Strom et al. 2006; Strom and
Fredrickson 2008). The experiments were conducted using
water from mesocosm M2 and incubated in this mesocosm.
Dilution experiments were conducted on days 8, 11, 15, 19,
and 21 of the mesocosm experiment (16, 19, 23, 27, and 29
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March, Table 2). In all experiments, we included a WSW
treatment and diluted (ca. 10% WSW) treatments prepared
with untreated FSW and, for comparison, with FSW that had
been treated by passage through a carbon cellulose (CC)
ﬁlter to reduce or remove dissolved organic material (Table
2). Nutrient addition treatments were included in dilution
experiments conducted after mesocosm day 11 (ﬁrst Chl a
peak) because of the decline in nutrient availability (Tables 1
and 2). In the ﬁnal experiment (day 21), only nutrient addi-
tion treatments were used. In addition to the 10% WSW
treatment, we included an intermediate dilution (25% WSW)
that was not used in the two-point calculation. We included
this treatment as an indicator of the shape of the response
of net growth rate to dilution.
Early on the morning of a dilution experiment, WSW was
collected from just below the surface of mesocosm M2 using
wide mouth 35 L Nalgene polycarbonate carboys with a 200
lm mesh ﬁtted to the top to exclude>200 lm zooplankton.
The water was immediately transported to a 48C environ-
mental chamber with dim lighting. Approximately 25 L of
FSW was prepared in the cold room by gravity ﬁltration
through a FS-Polycap AS Whatman ﬁlter. Meanwhile, a car-
bon cellulose cartridge (Model CCA/CFS-CA/CFA-CA, Claes
Ohlson, Sweden) was conditioned by passing 30 or more lit-
ers of FSW through it. Carbon cellulose-treated FSW (CC)
was then prepared in the cold room by passing a portion of
the FSW through the conditioned carbon cellulose cartridge.
In independent experiments, a mixture of PUAs in 5 L FSW
(2.3 nM heptadienal, 0.84 nM octadienal, and 3.9 nM deca-
dienal) was submitted to carbon cellulose treatment as
indicted above. The treated water was then submitted for the
PUA quantiﬁcation of diluted PUA (see above). This














0 8 Mar 0.66 Nd 6.36 0.46 0.33 4.31
1 9 Mar 0.74 5.9 22.64 0.40 1.22 4.16
8 16 Mar 6.22 6.6 17.78 0.27 0.96 <0.01
11 19 Mar 14.16 6.3 15.72 0.54 0.85 0.66
15 23 Mar 9.05 6.9 12.62 0.73 0.71 0.64
19 27 Mar 8.32 7.4 7.87 0.86 0.51 0.39
21 29 Mar 14.39 7.5 0.11 1.42 0.27 0.68
Table 2. Dilution grazing experiments conducted in mesocosm M2, March 2012. Calculated dilution was 10% for all diluted
treatments; achieved dilution (based on Chl a) at t50 is presented
Mesocosm Day Date Nutrient treatment Treatments
8 16 March None added Whole SW
13% Whole SW
13% Whole SW (CC)
11 19 March None added Whole SW
14% Whole SW
6% Whole SW (CC)
15 23 March None added Whole SW
12% Whole SW (CC)
15 23 March Added nutrients Whole SW (Nut)
12% Whole SW (Nut)
12% Whole SW (Nut) CC
19 27 March None added Whole SW
8% Whole SW (CC)
19 27 March Added nutrients Whole SW (Nut)
10% Whole SW (Nut)
8% Whole SW (Nut) CC
21 29 March Added nutrients Whole SW (Nut)
10% Whole SW (Nut)
8% Whole SW (Nut) CC
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procedure removes quantitatively all PUA (detection limit
below 0.1 nM).
Whole SW was added to either FSW or CC in a carboy to
achieve a calculated 10% WSW; use of high-dilution levels
(5–10% WSW) reduces potential artifacts due to trophic cas-
cades (Calbet and Saiz 2013). Four replicate Chl a samples
for t50 were taken from each carboy. Water from the car-
boys was distributed through silicone tubing into triplicate
2.2 L incubation bottles for each treatment. When nitra-
te1nitrite levels were<15 lmol L21 (experiments on meso-
cosm day 15, 19, and 21; Tables 1 and 3), we included
additional triplicate incubation bottles of WSW and diluted
treatments (FSW and/or CC) to which we added nutrients
(Nut treatment). The nutrient addition was a calculated 12
lM nitrate and 1.7 lM phosphate and was accomplished by
adding 35 lL of Solution 1 (Hansen 1989) per liter. In addi-
tion to sodium nitrate and sodium phosphate, solution 1
contains Na2EDTA and trace metals.
The incubation bottles were transported from the envi-
ronmental chamber in a covered container to the mesocosm.
Each bottle was suspended in situ at 0.5 m depth in the mes-
ocosm for 24 h. At the end of the 24 h incubation, the bot-
tles were retrieved and transported back to the laboratory.
Duplicate samples for Chl a were taken from each bottle
(t524 h samples). All Chl a samples were ﬁltered onto 0.22-
lm pore size 47-mm diameter polycarbonate ﬁlters using
gentle vacuum ﬁltration, extracted in 90% acetone at 48C for
12 h, and analyzed with a precalibrated Turner Designs AU
ﬂuorometer.
Chl a was a proxy for phytoplankton biomass at the
beginning (t50 h) and end (t524 h) of the incubation. The
phytoplankton net growth, K d21, was estimated for both
the diluted treatments and the WSW treatments as ln Chl
at24h2 ln Chl at0h. We determined the realized dilution fac-
tors for each experiment from the t50 Chl a values in the
WSW and diluted treatments. The calculated dilution was
10% WSW but the measured dilutions varied from 5% to
14% WSW. The intrinsic growth rate of phytoplankton (l,
d21) for the two treatment methods was calculated as
described in Landry et al. (2008) except that we used the
actual rather than calculated dilution factor to estimate the
fraction of natural grazer density in the dilute treatments.
Mortality due to microzooplankton grazing, g, was calculated
as l2Kwsw.
Laboratory experiments with cultured phytoplankton
Laboratory experiments were conducted to determine if
dilution itself or organic metabolites in ﬁltrate made from
diluted cultures inﬂuenced the growth rate of phytoplank-
ton. All experiments were carried out in phytoplankton
growth medium with nutrients in excess of what is required
for growth, therefore, nutrient addition treatments were not
included. We used cultures of a Norwegian isolate of P. pou-
chetii (AJ01) and a temperate isolate of S. marinoi (strain
CCMP 3318). CCMP 3318 is a low or non-PUA producing
strain (identiﬁed as the strain isolated in 2005 in Gerecht
et al. 2011). Both were grown in 30 psu seawater with P.
pouchetii in f/2-Si medium and S. marinoi in L1 medium (rec-
ipes in Andersen et al. 2005) at 200 photons m22 s21 on a
14:10 L:D cycle. P. pouchetii was cultured at 48C and S. mari-
noi at 208C. All experimental manipulations were performed
at the respective growth temperature.
The P. pouchetii culture was grown to late exponential
growth (4.6 3 105 cells mL21) and diluted with f/2 medium
to 5.0 3 103 cells mL21, which is equivalent to a dense
bloom. This diluted culture was considered the “WSW” in
this experiment and stored in a 20 L carboy. In a 48C envi-
ronmental chamber, 12 L of FSW was prepared from the
“WSW” using a FS-Polycap AS Whatman ﬁlter. Carbon
cellulose-treated FSW (CC) was prepared by passing 6 L of
the FSW through a Culligan Pentek C1 carbon-impregnated
cellulose ﬁlter cartridge. In separate carboys, the following
20% dilutions were set up: 20% WSW and 80% FSW, 20%
WSW and 80% CC, 20% WSW and 80% medium (f/2-Si).
After mixing, triplicate samples for Chl a analyses were taken
from the WSW and each diluted treatment. Aliquots of
250 mL from each carboy were siphoned into triplicate
Corning polystyrene tissue culture ﬂasks. The ﬂasks were
incubated at the growth irradiance and temperature for
24 h. At the end of the incubation, duplicate samples for















8 16 Mar* 65–52 16–22 20–26 0
11 19 Mar* 52–53 22–26 26–20 0–0.4
15 23 Mar* 53–58 26–22 20–19 0.4–0
19 27 Mar 100 0 0 0
21 29 Mar* 100–30 0–36 0 0–33
*16 Mar (15 and 18 Mar), 19 Mar (18 and 21 Mar), 23 Mar (21 and 24 Mar), 29 Mar (27 and 30 Mar).
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Chl a analyses were analyzed from each incubation ﬂask.
Phytoplankton net growth (K) was determined from changes
in Chl a as described in the previous section.
The experiment with S. marinoi was similar except that
the culture was grown to midexponential phase (8.46 3 105
cells mL21) and diluted with L1 medium to 5.0 3 103 cells
mL21 to make the “WSW.” The experiment was conducted
in a 208C environmental chamber. The experimental manip-
ulations and data analyses were otherwise similar to the P.
pouchetii laboratory experiment.
Statistical methods
Single classiﬁcation analysis of variance (ANOVA) was
used to test for signiﬁcant differences (p<0.05) among mean
values of treatment groups. Pairwise multiple comparisons
were made with the Holm-Sidak procedure. Sigma Stat ver-




Initial values of nutrients before nutrient addition (day 0)
in mesocosm M2 were relatively high, especially silicate, and
after addition of nitrate and phosphate on day 1, sequential
blooms developed (Table 1, Fig. 1a).
During most of the mesocosm experiments, the dominant
phytoplankton was S. marinoi, with a bloom initiating 12
March and peaking at 105 cells mL21 between 16 and 22
March, and then sharply declining after March 22 (Fig. 1b).
During the peak of the S. marinoi bloom (15-23 March), cili-
ates, primarily large oligotrichs, were the dominant micro-
zooplankton and they ranged in abundance from 10 to 39
cells mL21 (Fig. 1c). During this period, heterotrophic dino-
ﬂagellates were also common and one species, Gyrodinium
spirale, dominated. It ranged in abundance from 5 to 25 cells
mL21 (Fig. 1c). The S. marinoi bloom coincided with a peak
in particulate and dissolved PUA (Fig. 1d). The PUAs
detected during the S. marinoi bloom were primarily hepta-
dienal, octadienal, and octratrienal (Table 3).
As the S. marinoi bloom declined, a P. pouchetii bloom
developed, and was still on the rise when the mesocosm
experiment ended on 30 March (Fig. 1b). Colonial Phaeocys-
tis cells reached a density of over 1.5 3 104 cells mL21. Dur-
ing the Phaeocystis bloom, ciliate densities decreased (Fig.
1c). G. spirale became the numerically dominant microzoo-
plankton during the Phaeocystis bloom (Fig. 1c). During the
rise of the P. pouchetii bloom, PUA concentrations were lower
than during the S. marinoi peak (Fig. 1d).
Although picoplankton was present (data not shown),
nano- and microphytoplantkon other than Skeletonema and
Fig. 1. Chl a concentration (a), abundance of colonial Phaeocystis pouchetii cells (13104) (open circles) and Skeletonema marinoi (13103) (solid
circles) (b), microzooplankton abundance, ciliates (solid circles) and Gyrodinium spirale (open circles) (c), and concentration of particulate (solid circles)
and dissolved (open circles) polyunsaturated aldehydes (PUAs) (d) in mesocosm M2. The vertical dotted lines indicate dates of the dilution experi-
ments. In panel (a), error bars595% C.I.
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Phaeocystis were not abundant in the mesocosms. Estimates
of phytoplankton net daily growth based on Chl a values
the previous day and day of a dilution experiment were
0.35 during the rise in S. marinoi (16 March) and the rise in
P. pouchetii abundance (27 and 29 March; Table 4 and Fig. 1a
and b).
Dilution grazing experiments in the mesocosm
In the dilution experiment conducted on 16 March dur-
ing the rise in Skeletonema (Fig. 1b), the net growth rate of
phytoplankton (K) in WSW treatment was positive, but the
K in the untreated 10% WSW dilution was not signiﬁcantly
different from zero (p>0.05; Fig. 2a). However, the growth
rate of phytoplankton in the diluted treatment with carbon
cellulose-treated FSW (CC treatment) was signiﬁcantly
higher (p<0.05) than in the WSW or untreated FSW treat-
ments (Fig. 2a). This resulted in an estimated phytoplankton
instantaneous rate of increase (l, d21) of 0.54 and a grazing
coefﬁcient (g, d21) of 0.36 based on the “CC” treatment
(Table 4). In comparison, the estimated l and g without the
CC treatment were not statistically signiﬁcant (Table 4).
In the dilution experiment conducted on 19 March, at
the peak of the Skeletonema bloom (Fig. 1b), phytoplankton
net growth (K) in the WSW treatment and in the untreated
10% WSW dilution were slightly negative and not statisti-
cally different (p>0.05). In contrast, phytoplankton net
growth in the CC-treated dilution was positive and high
(1 d21; Fig. 2b). This resulted in negative estimates of l
and g with the untreated ﬁltrate and positive and signiﬁcant
estimates of l and g with use of the CC-treated ﬁltrate
(Table 4).
On 23 March, during the decline of the Skeletonoma
bloom (Fig. 1b), net growth rate of phytoplankton was nega-
tive in all treatments including the WSW and CC-treated
FSW treatments with and without addition of nutrients (Fig.
2c). The only signiﬁcant difference in K was between the
WSW with added nutrients and the treated (1CC) treatment
with added nutrients. Estimated g based on the nutrient
addition treatment with the treated dilution water was 0.06,
low but positive (Table 4).
On 27 March, at the end of the Skeletonema decline and at
the beginning of the Phaeocystis bloom (Fig. 1b), the differ-
ences in net growth rate (K) among treatments were pro-
nounced (Fig. 2d). In the WSW, net growth was negative,
with and without nutrient addition (Fig. 2d). The phyto-
plankton net growth rate was highly variable in the
untreated FSW dilution and positive in the carbon cellulose-
treated seawater dilution experiment both with and without
added nutrients (Fig. 2d). Without the CC treatment, esti-
mates l and g were not statistically signiﬁcant, but with the
CC treatment they were signiﬁcant (Table 4). In the CC
treatment without nutrients, phytoplankton instantaneous
Table 4. Estimated phytoplankton net growth coefﬁcient (K) in mesocosm M2 (from change in Chl a) and from dilution in experi-
ments incubated in the mesocosm (treatment without added nutrients); phytoplankton instantaneous growth coefﬁcient (l) and
microzoopankton grazing coefﬁcients (g) from dilution experiments.
Date (Mesocosm Day)
Phytoplankton net growth (K, d21)
Phytoplankton instantaneous growth




Avg (Std Dev) l, d21† g, d21†
16 Mar (8) 0.35 0.18 (0.01) 0.23 0.05
0.54 (CC)‡ 0.36 (CC)
19 Mar (11) 0.04 20.08 (0.06) 20.17 0.10
1.07 (CC)‡ 1.15
23 Mar (15) 20.37 20.25 (0.07) 20.34 (Nut) 0 (Nut)
20.28 (Nut,CC)‡ 0.06 (Nut, CC)
20.24 (CC) 0.01 (CC)
27 Mar (19) 0.35 20.12 (0.04) 0 (Nut) 0.32 (Nut)
0.22 (Nut, CC)‡ 0.55 (Nut, CC)
0.32 (CC)‡ 0.44 (CC)
29 Mar (21) 0.36 20.15(0.11) 0.79 (Nut)‡ 1.14 (Nut)
0.80 (Nut, CC)‡ 1.16 (Nut,CC)
*Estimated for from change in Chl a from morning of experiment to next morning except for 29 March when estimated from previous morning to
morning of experiment.
†CC5Filtered seawater treated by passage through a carbon cellulose cartridge
Nut5Nitrate and phosphate added
‡
5Net growth rate in diluted treatment signiﬁcantly different (p<0.05) than in corresponding whole seawater treatment (refer to Figure 2).
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growth rate was 0.32 d21 and the estimated grazing coefﬁ-
cient 0.44 d21 (Table 4).
In the 29 March experiment, during the steep rise in
Phaeocystis, nutrients were added to all treatments because of
the low nutrient level in the mesocosm (Table 1). The net
rate of growth of phytoplankton in the undiluted treatment
was negative, whereas growth was positive and similar in the
diluted treatments with and without the CC-treated FSW
(Fig. 2e). Estimates of l and g were 0.71 and 1.08, respec-
tively, with the untreated FSW and 0.79 and 1.16, respec-
tively, with the CC-treated FSW (Table 4). Differences in
coefﬁcients between the FSW and CC-treated FSW were not
signiﬁcant (p>0.05).
The pattern of response of phytoplankton net growth rate
to dilution was complex when the 25% WSW dilution was
considered (Table 5). In the experiment on 16 March, the
growth rate of phytoplankton was positive in all treatments,
but interestingly, the net growth rate in the 25% WSW treat-
ment was signiﬁcantly higher than in either the 10% or
WSW treatments, indicating an inverted V-shaped response
to dilution in this experiment. In the rest of the experi-
ments, the net growth rate of phytoplankton in the 25%
treatment was negative, and similar (19 and 23 March) or
more negative (27 and 29 March) than the net growth rate
of phytoplankton in the 10% WSW treatment.
Laboratory dilution experiments with algal cultures
The laboratory dilution experiments with a late exponen-
tial phase culture of P. pouchetii clearly indicate that dilution
of a suspension of P. pouchetti with ﬁltrate from that suspen-
sion dramatically changes the growth rate, with differences
among treatments statistically signiﬁcant (Fig. 3a). In the
Fig. 2. Mean net growth rate (K, d21) of phytoplankton in whole seawater (WSW) and diluted treatments (DSW) in dilution experiments con-
ducted on 16 March (a), 19 March (b), 23 March (c), 27 March (d), and 29 March (e) in mesocosm M2. N53 with Error bars5 standard deviation.
1C5diluted seawater treated by passage through a carbon cellulose (CC) cartridge; 1N5 addition of inorganic nutrients. Single Classiﬁcation
ANOVAs for 16 March (F2,6558.123), 19 March (F2,65608.519), 27 March (F4,10517.846), and 29 March (F2,65206.074) data sets are signiﬁcant
(p<0.001), but 23 March ANOVA (F4,1052.458) is not signiﬁcant (p>0.05). For panels with overall signiﬁcant differences among treatments, differ-
ent lowercase letters indicate bars which are statistically different (p<0.05; Holm-Sidak method).
Stoecker et al. Inhibition by dilution
1432
undiluted suspension, the growth was positive but it was
negative in the diluted (FSW) treatment. With CC treatment
of the ﬁltrate, growth was still negative, but the decline was
less than in the untreated FSW treatment. In a control, in
which the suspension was diluted with clean medium, the
growth rate was similar to that in the undiluted, WSW, treat-
ment (Fig. 3a).
Although growth was positive in all treatments with a
midexponential growth phase culture of S. marinoi (CCMP
3318), the growth rate in the dilution was reduced compared
to the undiluted WSW suspension when the cell suspension
was diluted with untreated ﬁltrate (Fig. 3b). With CC-treated
ﬁltrate or fresh medium, there was no reduction in growth
rate compared to the WSW treatment (Fig. 3b). The negative
effects of the untreated ﬁltrate were not as severe as with the
P. pouchetii cell suspension although the treatments with the
two phytoplankters were at the same initial cell density
(5000 mL21) in the WSW.
Discussion
Dilution experiments are widely used, and the only
method available, to estimate in situ microzooplankton com-
munity grazing, however, the responses to dilution are not
always linear, which can make interpretation of results difﬁ-
cult and may lead to over or under estimation of grazing
(reviewed in Schmoker et al. 2013). Most attention has been
on factors that result in an over-estimation of grazing, such
as release of microzooplankton from top down control in
the absence of mesozooplankton (Dolan et al. 2000). This
factor is potentially most important in warm waters in
which populations of microzooplankton can double each
day. Underestimation of grazing has received less attention.
Trophic cascades, particularly in experiments in which maxi-
mum dilution levels are moderate (25% WSW) can lead to
V-shaped responses, nonsigniﬁcant results, and sometimes to
“reverse” slopes, all of which may lead to underestimation of
grazing (Calbet and Saiz 2013). We frequently obtained
“reverse” slopes in mesocosm or laboratory dilution experi-
ments with S. marinoi or P. pouchetii when the potential for
trophic cascading was nonexistent (i.e., with phytoplankton
cultures) or minimal (due to use of high dilution level).
The dilution experiments conducted in the mesocosm
show that higher net growth rate of phytoplankton in undi-
luted rather than diluted treatments, resulting in “negative”
or statistically nonsigniﬁcant grazing coefﬁcients, can occur
during S. marinoi blooms. During some, but not all stages of
the mesocosm bloom, treatment of the dilution water to
remove or reduce dissolved organics (CC treatment) had a
large effect, and resulted in positive and signiﬁcant estimates
of microzooplankton grazing in experiments in which graz-
ing estimates were negative, 0 or low without the CC treat-
ment. Due to the physicochemical properties of charcoal,
CC treatment can be considered to remove efﬁciently all
Table 5. Comparison of the mean net growth rate (K, d21) of phytoplankton in the 25% WSW treatment to that in the 10% WSW
and undiluted (100% WSW) treatments. On mesocosm days 8 and 11, no nutrients were added to the treatments, on days 15, 19,
and 21, nutrients were added to all treatments. Means (1Standard deviation). One Way ANOVA with the Holm-Sidak Method used
to compare the results from 25% treatment to the 10% and 100% WSW treatments. ns5nonsigniﬁcant.
Mesocosm Day Date 10% 25% 100% Statistics








15 23 Mar 20.347(0.076) 20.301(0.013) 20.348(0.014) ANOVA:
Fs2,651.052; p50.406, ns
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organic metabolites present. This was exemplary demon-
strated by the quantitative removal of excess PUA from FSW.
Above natural PUA concentrations were reduced to levels
below the detection limit by single passage through the CC
cartridge (see experimental, data not shown). Nutrient addi-
tion sometimes inﬂuenced net phytoplankton growth, but
in most mesocosm dilution experiments, the carbon cellu-
lose treatment had a more pronounced inﬂuence on phyto-
plankton growth than nutrient addition in the diluted
treatments.
In the laboratory experiment with cultured S. marinoi
(CCMP 3318), the inhibition of growth by the ﬁltrate was
less dramatic than in the mesocosm dilution experiments.
This is not surprising since the CCMP 3318 strain that is not
a high producer of PUA. Furthermore, the laboratory experi-
ment was at a density of 5 3 103 cells mL21, but in the mes-
ocosm, Skeletonema reached a higher density, 1 3 105 cells
mL21, and was subject to grazing and silica limitation,
which can stimulate PUA production (Pohnert 2000; Ribalet
et al. 2009). It is also possible that additional unidentiﬁed
inhibitory metabolites were present in the mesocosms.
Many bloom-forming diatoms produce PUAs or other
potentially toxic oxylipins (Wichard et al. 2005), with the
amount and variety of compounds produced species- and
strain-speciﬁc (Taylor et al. 2009; Ianora and Miralto 2010).
PUAs can inhibit the growth of PUA producers, as well as of
other phytoplankton (Hansen and Eilertson 2007; Paul et al.
2009; Ribalet et al. 2014). In phytoplankton, such as S. mari-
noi, the production and release of PUAs is triggered by
growth phase and/or mechanical stress (Pohnert 2000; Poh-
nert et al. 2002; Vidoudez and Pohnert 2012). In mesocosm
M2, total PUA concentration reached concentrations of over
40 nmol L21, with particulate PUA accounting for most of
the total, at the height of Skeletonema bloom. We observed
the most inhibition of phytoplankton net growth by the
untreated FSW during the peak in Skeletonema abundance
and in PUA concentrations in the mesocosm. It is likely that
the mechanical stress involved in production of large vol-
umes (25 L) of FSW stimulated PUA production and/or
release into the ﬁltrate used for dilution.
P. pouchetii is also known to produce PUAs, but mainly
decadienal, whereas S. marinoi mainly produces heptadienal,
octdienal, and octradienal (Hansen and Eilertson 2007).
However, all four PUAs inhibit mitotic cell divisions (Adolph
et al. 2003). PUA concentrations were low in the mesocosm,
when colonial P. pouchetii was dominant, although cell den-
sities reached 104 cells mL21. This is perhaps because the
population was still growing exponentially when the meso-
cosm experiment ended, and thus it was not sampled during
its peak abundance or during its decline when it would have
been subject to increasing stress, when it may have produced
more decadienal. Alternatively, a population low in PUA
could have been the dominant bloom former. In the ﬁnal
mesocosm dilution experiment, when P. pouchetii was still
increasing and PUAs were low, we did not observe growth
inhibition due to the FSW.
In contrast, in the laboratory experiment with cultured P.
pouchetii at a lower concentration than in the mesocosm
experiment, we observed a strong inhibition of growth due
to dilution with the ﬁltered water. The laboratory experi-
ment was with a late growth phase culture containing single
cell, whereas the P. pouchetii population in the mesocosm
experiment was actively growing, but forming colonies. It is
possible that the difference in culture and mesocosm results
was due to growth form and phase. Alternatively, the culture
may have been a higher PUA producing strain than the ones
in the fjord and captured in the mesocosm.
In our investigation, we measured PUAs, but not other
potentially inhibitory metabolites known to be produced by
marine phytoplankton. We focused on PUAs because the
dominant phytoplankton in the mesocosms, S. marinoi and
P. pouchetii, are known PUA producers (Hansen and Eilertson
Fig. 3. Growth of phytoplankton in laboratory dilution experiments
conducted with cultures. Mean growth rate (l, d21) with N53; error
bars5 standard deviation. WSW5 culture suspension at 5000 cells
mL21. Diluted treatments (10% WSW): FSW590% ﬁlter seawater made
from culture suspension; CC590% FSW treated by passage through a
carbon cellulose cartridge; CON590% medium. Single Classiﬁcation
ANOVA for the Phaeocystis pouchetii (Panel a) (F3,8558.184), and Skele-
tonema marinoi (Panel b) (F3,8594.889) are both statistically signiﬁcant
(p<0.001); different lowercase letters indicate bars which are statisti-
cally different (p<0.05; Holm-Sidak method).
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2007, Paul et al. 2009) . We think that the inhibitory effects
we observed were due primarily to PUAs released from Skele-
tonema during ﬁltration, but we cannot exclude the possibil-
ity that the effects were at least partly due to other,
unidentiﬁed metabolites in the dilution water.
An important question is whether the phenomenon we
observed in mesocosm and laboratory dilution experiments
inﬂuences the results of ﬁeld measurements of microzoo-
plankton community grazing. S. marinoi reached higher con-
centrations in the mesocosm than usually observed in NE
Atlantic and Arctic waters, where maximum abundances
are 500 cells mL21 (Degerlund and Eilertsen 2010). How-
ever, many bloom forming diatoms can produce PUAs and
total diatom biomass may reach the levels in our experi-
ments. The P. pouchetii concentration used in the laboratory
experiment was within the range observed during spring P.
pouchetii blooms in Arctic and sub-Arctic waters (Wassmann
et al. 2005; Degerlund and Eilertsen 2010).
There is evidence of negative effects on phytoplankton
growth, leading to underestimation of microzooplankton
grazing, in dilution experiments conducted during Phaeocys-
tis and diatom blooms in cold seas. Calbet et al. (2011)
observed that during a summer P. pouchetii bloom, microzoo-
plankton biomass was considerable, but signiﬁcant grazing
was only observed in 38% of the dilution experiments. In
the eastern Bering Sea during spring, Sherr et al. (2013)
obtained negative slopes in 37% of the dilution experiments
and estimated phytoplankton instantaneous growth rates
varied from slightly negative to >0.4 d21. In the eastern
Bering Sea in summer, where remnants of spring diatom
blooms persisted as well as new, patchy blooms of P. pouche-
tii near the shelf edge, 39% of the grazing coefﬁcients
obtained were 0 and in 3% of the experiments, negative
slopes were statistically signiﬁcant (Stoecker et al. 2014). In
the investigations discussed above, the dilutions were
amended with inorganic nutrients or nutrients were shown
to have no effect; thus, the negative results were not due to
lack of nutrient regeneration in the diluted treatments.
Inhibition of phytoplankton growth by dilution is not a
general phenomenon. Globally, average phytoplankton pro-
duction estimates from dilution experiments are slightly
higher than production estimated from 14C uptake experi-
ments (Calbet and Landry 2004). The two methods have
been directly compared in studies in the oligotrophic Red
Sea (Moigis 1999), the Arabian Sea (Brown et al. 1999, 2002)
and as part of enclosure experiments in the northern Baltic
Sea (Lignell et al. 2003). In these investigations, the two
methods produced comparable results, indicating that dilu-
tion did not inhibit phytoplankton growth. However, to our
knowledge, the results of 14C uptake and dilution experi-
ments have not been compared during dense diatom or
Phaeocystis blooms.
To explore the potential effects of dilution on phyto-
plankton during Phaeocystis and diatom blooms, Stoecker
et al. (2014) measured variable ﬂuorescence (Fv/Fm) as part
of 14 dilution grazing experiments conducted in the eastern
Bering Sea in summer of 2008. In half of the experiments,
variable ﬂuorescence was lower in the diluted (20% WSW)
than in the WSW treatment. Decrease in variable ﬂuores-
cence in phytoplankton is an indicator of physiological
stress and is usually associated with a reduction in ability of
cells to photosynthesize (Chekalyuk and Hafez, 2008). Low
estimates of microzooplankton grazing were associated with
experiments in which variable ﬂuorescence declined in the
diluted treatment. These results suggest that phytoplankton
instantaneous growth and microzooplankton grazing coefﬁ-
cients may be underestimated by dilution protocols in some
situations due to decreased survival or growth of phyto-
plankton in the diluted treatments. It is not surprising that
ﬁltration, particularly of large volumes of WSW, can some-
times result in release of organic material into ﬁltered sea
water that then can inhibit phytoplankton growth and per-
haps also microzooplankton grazing. However, whether or
not phytoplankton growth is inhibited depends on species
and strain, physiological state, and cell density of the phyto-
plankton as well as stresses such as grazing (Ianora and Mir-
alto 2010). The exact protocol for producing the FSW also
must matter. The concentration of metabolites released can
be expected to increase with the phytoplankton biomass and
the volume ﬁltered because longer retention of phytoplank-
ton on the ﬁlter may increase the stress on cells.
Use of a carbon cellulose cartridge to treat the FSW before
use for dilution of the WSW appears to reduce or eliminate
the inhibitory affect. This is useful in identifying when there
is a problem with the dilution protocol. However, using this
added treatment to “correct” the experiment is problemati-
cal. In dilution experiments conducted during dense blooms,
there may be considerable PUAs and other metabolites free
in the water that are inhibiting phytoplankton growth and,
perhaps microzooplankton grazing, in the WSW. Treatment
of the diluted water to remove these initial amounts, as well
as the additional amounts released during ﬁltration, could
lower the concentration in the diluted treatments below that
in the WSW, resulting in an overestimation of phytoplank-
ton growth and microzooplankton grazing.
We suggest that the ﬁrst step in resolving this issue is
determining in which plankton communities it occurs. The
dilution technique generally works very well (reviewed in
Calbet and Saiz 2013). Problems are most likely to arise in
applying this technique during dense blooms of phytoplank-
ton or immediately post bloom. Production of many inhibi-
tory allelochemcials is stimulated by nutrient stress, grazing,
and/or associated with cell death and thus it is possible that
the concentration of inhibitory chemicals is also high in
declining blooms (Ianora and Miralto 2010, Ribalet et al.
2009, 2014). In addition to diatom blooms, these effects
may also be associated with dense blooms of dinoﬂagellates
(Tillman and Hansen 2009) and prymesiophytes (Schmidt
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and Hansen 2001, Strom et al. 2003, Fredrickson and Strom
2009) since bloom forming members of these taxa are
known to produce allelopathetic compounds.
In dense bloom or post bloom situations, we suggest that
a full dilution series with at least ﬁve or six dilution levels
(with replication), including at least one high dilution level
(5 or 10% WSW) be used. At the high dilution levels, arti-
facts due to feeding saturation and trophic cascades are
minimized (Calbet and Saiz 2013), but problems due to
release of allelochemicals from phytoplankton into the dilu-
tion water should be maximum. A linear relationship
between phytoplankton net growth and dilution level (Fig.
1a in Calbet and Saiz 2013) would indicate that there is not
a problem and that the data could be analyzed using linear
regression (Landry and Hassett 1982) or the two-point
method (Worden and Binder 2002, Landry et al. 2008). An
L-shaped or V-shaped response curve (Fig. 1b,c in Calbet and
Saiz 2013) would indicate that saturation of grazers or
trophic cascades occurred at the lower dilution levels and
that the data are best analyzed using the two-point method.
A positive slope is indicative of contamination of the FSW
with toxic substances. Contamination may be due to release
of inhibitory substances from phytoplankton during prepara-
tion of FSW, as shown herein, or possibly due to presence of
toxins on the ﬁltration apparatus. Trophic cascades may also
sometimes result in a positive slope, but their effects should
be alleviated at high dilution levels (Calbet and Saiz 2013).
Another possibility is an inverted V-shaped response, as seen
in one of our mesocosm dilution experiments; this type of
response is most likely to be due to inhibitory substances in
the FSW.
If ﬁltration equipment is clean and nontoxic but dilution
experiments with a plankton assemblage result in positive
slopes and/or inverted V-shaped responses, what steps can
be taken to understand or alleviate the problem? One step
would be to modify the ﬁltration procedure so that is gentler
(i.e., results in less release of organic material from phyto-
plankton). The next step may be to use several intermediate
dilution levels to determine if there is a range of dilution
where the response is linear and to use the slope in this
region to calculate the grazing coefﬁcient.
In some bloom situations, it may not be possible to use
the dilution technique to accurately estimate microzoo-
plankton grazing, but it would be worthwhile to document
the phytoplankton community involved and that the dilu-
tion water was the problem. This could involve 1) removal
of dissolved organic material from the dilution water as
described herein, 2) comparison of metabolomic proﬁles of
WSW and FSW, and 3) comparison of Chl a speciﬁc rates of
photosynthesis or of variable ﬂuorescence (Fv/Fm) in the
WSW and dilution water. These efforts would lead to a better
understanding of the limitations of the dilution technique
in bloom situations, of phytoplankton growth and microzoo-
plankton grazing during blooms, and of the complex chemi-
cal interactions that can occur between phytoplankton and
their grazers that may inﬂuence bloom persistence and the
transfer of carbon to higher trophic levels.
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Abstract
Diatoms are unicellular algae of crucial importance as they belong to the main primary pro-
ducers in aquatic ecosystems. Several diatom species produce polyunsaturated aldehydes
(PUAs) that have been made responsible for chemically mediated interactions in the plank-
ton. PUA-effects include chemical defense by reducing the reproductive success of grazing
copepods, allelochemical activity by interfering with the growth of competing phytoplankton
and cell to cell signaling. We applied a PUA-derived molecular probe, based on the biologi-
cally highly active 2,4-decadienal, with the aim to reveal protein targets of PUAs and
affected metabolic pathways. By using fluorescence microscopy, we observed a substantial
uptake of the PUA probe into cells of the diatom Phaeodactylum tricornutum in comparison
to the uptake of a structurally closely related control probe based on a saturated aldehyde.
The specific uptake motivated a chemoproteomic approach to generate a qualitative inven-
tory of proteins covalently targeted by the α,β,γ,δ-unsaturated aldehyde structure element.
Activity-based protein profiling revealed selective covalent modification of target proteins by
the PUA probe. Analysis of the labeled proteins gave insights into putative affected molecu-
lar functions and biological processes such as photosynthesis including ATP generation
and catalytic activity in the Calvin cycle or the pentose phosphate pathway. The mechanism
of action of PUAs involves covalent reactions with proteins that may result in protein dys-
function and interference of involved pathways.
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Introduction
Oceans accommodate numerous coexisting microalga species in the plankton. Their commu-
nity is shaped by different factors including nutrient limitation, predation and chemical signal-
ing. Diatoms, a class of unicellular algae, are key players in the marine food web as they are
responsible for about 40% of global marine primary productivity [1]. Some diatom species
release biologically active metabolites as mediators of interactions. An intensively studied com-
pound class in this context are oxylipins, which derive from the oxidative transformation of
polyunsaturated fatty acids [2]. Of considerable interest among oxylipins are polyunsaturated
aldehydes (PUAs), which have been reported to mediate various inter- and intraspecific inter-
actions (reviewed in [2–5]). 2,4-Decadienal (DD) is the best studied metabolite of the group of
PUAs, with attributed roles in grazer defense [6], allelophathy [7], cell to cell signaling [8], anti-
bacterial activity [7,9] and bloom termination initiation [10,11]. PUA-mediated allelopathy
[5,7,12,13] is impairing different phyla regarding growth and physiological performance. Sensi-
tivity against PUAs has been reported for the prymnesiophyte Isochrysis galbana [7], the chlor-
ophyte Dunaliella tertiolecta [7] as well as the centric diatom Thalassiosira weissflogii [14]. A
synchronized release of PUAs from intact Skeletonema marinoi cells transiently before the cul-
ture changes to the decline phase supports the idea that PUAs play a role as infochemicals in
mediating bloom termination [10]. Despite the well-documented biological functions of PUAs,
their mechanism of action and their molecular targets are almost unknown [3,4]. Only few
impaired biological processes and functions are recognized mainly involving disruption of
intracellular calcium signaling, cytoskeletal instability and induction of apoptosis (reviewed in
[2–4]).
PUA activity is structure-specific, since saturated aldehydes, like decanal that lack the conju-
gated α,β,γ,δ-unsaturated aldehyde motive of PUA, are not active [15,16]. Conjugated unsatu-
rated aldehydes are reactive compounds belonging to the class of Michael acceptors. They act
as electrophiles and react with proteins [17,18] and DNA [19–21]. Model investigations
revealed that DD covalently modifies proteins by formation of imines (Schiff bases), pyridi-
nium adducts and 1,4-addition products with nucleophiles [17,18]. Thus, proteins are putative
targets of the electrophilic PUAs. PUAs also react with DNA resulting in apoptosis in copepods
(reviewed in [22]). In algae [7], sea urchin embryos [23] and copepod embryos and nauplii
[6,24] DNA laddering and chromatin dispersal or complete DNA fragmentation and disloca-
tion is observed after PUA exposure.
The diatoms Phaeodactylum tricornutum [25] and Thalassiosira pseudonana [26] have
emerged as model organisms since these were the first species with sequenced genome. P. tri-
cornutum is a producer of the oxylipins 12-oxo-(5Z,8Z,10E)-dodecatrienoic acid and 9-oxo-
(5Z,7E)-nonadienoic acid [27] and was reported to be affected by DD [8,28]. Exposure to this
aldehyde altered the mitochondrial glutathione redox potential by oxidation of glutathione and
induced cell death of P. tricornutum [28]. DD also triggers intracellular calcium transients and
nitric oxide generation [8]. There is evidence for a sophisticated stress surveillance system in
which individual diatom cells sense local DD concentration thereby monitoring the stress level
of the entire population. An ortholog of the plant enzyme AtNOS1 was predicted as molecular
target of PUAs [8]. Transcriptome analysis revealed that PtNOA, a gene with similarities to
AtNOS1 [8], is upregulated in response to DD [29]. PtNOA overexpressing cell lines are hyper-
sensitive to this PUA with altered expression of superoxide dismutase and metacaspases; both
protein classes are involved in activation of programmed cell death [29]. Other studies on gene
regulation in response to PUAs focused on copepods. In Calanus helgolandicus tubulin expres-
sion [30] and primary defense systems [31] were downregulated whereas detoxification genes
Uptake and Protein Targets of Polyunsaturated Aldehydes in Diatoms
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like glutathione S-transferase, superoxide dismutase, and catalase remained unaffected [31] in
response to a diet of the PUA producer S. costatum compared to a control.
We report here on the uptake, accumulation and molecular targets of a molecular probe
containing a DD-derived head group and a 5-tetramethylrhodamine carboxamide fluorophore
(TAMRA) reporter in P. tricornutum using an activity-based protein profiling (ABPP) strategy
(Fig 1). Such chemical probe-enabled proteome strategies have been successfully applied with
mechanism-based inhibitors [32] or protein-reactive natural products [33,34]. The utilized
probe consists of a reactive group mimicking DD and a fluorescent reporter tag for detection
[35]. By applying 2D gel electrophoresis (GE) followed by liquid chromatography/tandem
mass spectrometry (LC-MS/MS) we found specific probe-labeled proteins having important
roles regarding catalytic activity and biological functions in the alga including fucoxanthin




Growth of P. tricornutum. P. tricornutum (strain UTEX 646, Segelskär, Finland) was cul-
tivated in artificial seawater prepared as described in Maier and Calenberg [36] under a 14/10
hours light/dark cycle, at 32 to 36 mmole photons s-1 m-2 and 13°C in 580 mLWeck jars
(Weck, Wehr, Germany). The 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-
buffered medium was adjusted to a pH of 7.8 before autoclaving. Nutrient levels were 14.5 mM
phosphate, 620 mM nitrate and 320 mM silicate. Incubation experiments were done under the
same conditions.
Sample preparation. A P. tricornutum culture (100 μL) was pipetted on ethanol pre-
cleaned cover slips (Marienfeld 474030-9010-000, 18x18 mm², D = 0.17 mm +/- 0.005 mm;
Carl Zeiss Canada, Toronto, ON). To prevent evaporation cover slips were placed in a Petri
dish, which contained a seawater wetted filter paper and were covered. Incubation for 8 hours
allowed cells to adhere to the cover slips. Subsequently, 10μM of the substances DDY coupled
to TAMRA (TAMRA-PUA), 5-hexynal (SA) coupled to TAMRA (TAMRA-SA) or azide mod-
ified TAMRA (TAMRA-N3) were added to the cell suspensions (each 0.5 mM stocks in
DMSO), mixed gently with a pipette and incubated for one hour. Afterwards, the cell suspen-
sions were removed and the cover slips were washed seven times by carefully pipetting 200 μL
artificial seawater and incubated with 100 μL 4% [w/v] para-formaldehyde in artificial seawater
for 25 min. The cover slips were washed twice with 200 μL artificial seawater and finally the
Fig 1. Synthesis of the probe TAMRA-PUA and the control TAMRA-SA. For details on the synthesis see [35].
doi:10.1371/journal.pone.0140927.g001
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liquid was removed. A control with the same washing and fixation steps was prepared as well.
Due to extensive washing steps a part of algae cells detach from cover slips. 4 μL of 2,2’-thio-
diethanol were pipetted on an ethanol pre-cleaned object slide and the treated side of the cover
slip was placed on top of the object slide and slightly pressed down. Edges were fixed with nail
polish and the slides were stored at 4°C until measurements on the next day. For each treat-
ment three individual cover slips (biological replicates) were prepared out of three different P.
tricornutum cultures. Those cultures have been prepared out of the same stock and kept under
identical growth condition.
Fluorescence microscopy and analysis. P. tricornutum cells were observed with a struc-
tured illumination microscope (SIM), Zeiss Elyra S1 system (Carl Zeiss, Jena, Germany). Imag-
ing was performed with an oil immersion objective lens (Plan-Apo, 63X, 1.4NA, Carl Zeiss,
Jena, Germany). A 561 nm laser was used for excitation and fluorescence was filtered by a band
pass filter (BP 570–620 nm) which opens up above 750 nm. 2D wide field images were acquired
to compare fluorescence intensity of the different probes and treatments (TAMRA-PUA,
TAMRA-SA, TAMRA-N3, no probe), whereas all cells were measured using the same settings
(laser intensity, gain, exposure time). 12 cells were observed per treatment distributed over
three biological replicates (microscope slides), four cells each. Three dimensional SIM images
of treated P. tricornutum providing twofold resolution improvement were taken from selected
samples to confirm, that TAMRA-PUA and TAMRA-SA were taken up in the cells and did
not exclusively stick onto their surfaces. 15 raw images are required for reconstructing one 2D
SIM image. 3D SIM images were taken with z steps of 110 nm. All SIM images were recon-
structed on ZEN software 2010 (black edition, Carl Zeiss, Jena, Germany).
For fluorescence analysis bright field and wide field fluorescence images at 561 nm excita-
tion were exported in TIF format with the ZEN software and processed with ImageJ2x 2.1.4.7
(freeware, http://www.rawak.de/ij2x/Download.html) as follows: tonal correction of the bright
field image of each cell was optimized (see S1 Folder for unmodified images), the cell was encir-
cled by hand and this selection was laid on the corresponding fluorescence picture using the
ROI manager. The mean gray value, which is defined in this software as the sum of the gray
values of all the pixels in the selection divided by the number of pixels, and the mean gray value
of the background were measured and subtracted. For the previously described issue we use
the term mean gray value per pixel. For background analysis a region of at least 1000 pixels was
used.
Probe labeling, 1D and 2D gel electrophoresis and identification of target
proteins
In vivo labeling of P. tricornutum and sample preparation for gel electrophoresis. P. tri-
cornutum cultures were grown for 13 days in 580 mLWeck jars (1.0 × 106 to 1.5 × 106 cells
mL-1) without shaking as described before, which resulted in cells mainly sticking to the glass
bottom. The overlaying artificial seawater was almost quantitatively removed with a pipette
and cells were transferred into centrifuge tubes with the remaining medium.
For 1D GE samples were incubated with 100 μMDDY or 100 μM SA (each 50 mM stocks in
DMSO) or DMSO for one hour.
For 2D GE the concentrated algae suspension was treated with 14 μL (250 μM) DDY stock
solution (50 mM), which was added to 2.8 mL concentrated cell suspension (total cell number
48.7 × 106 resulting in 14 fmol DDY cell-1) and incubated for 1 hour. During this incubation
period no change in cell viability compared to untreated cells was observed by microscopy after
application of Evan’s Blue [37]; however, we observed that incubation of several hours
increases the amount of non-viable cells. The undiluted samples were centrifuged for 2 min at
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1,800 g immediately after incubation to remove DDY and salts; the supernatant was removed
and the cells were washed twice with 1 mL buffer A (10 mMHEPES and 250 mM sucrose, pH
7.4) and twice with 1 mL buffer B (10 mMHEPES and 250 mM sucrose, pH 8.2). After each
washing step the tubes were centrifuged at 1,800 g for 2 min and the supernatant was dis-
carded. Application of Evan’s Blue [37] and microscopy ensured that cells stayed intact during
this procedure. The pellet was resuspended in buffer B and cells were treated with 1 mM dithio-
threitol (20 mM stock in buffer B) to react with possibly unremoved DDY. Cells were lysed by
sonication (ultrasonic probe: Bandelin sonotronic HD2070, power supply: Bandelin UW2070;
Bandelin electronic, Berlin, Germany) twice for 15 s on ice.
The protein concentration was determined with the Roti1-Quant universal assay (Carl
Roth, Karlsruhe, Germany) based on the biuret test using a microplate reader (Mithras LB 940,
Berthold Technologies, Bad Wildbad, Germany) and bovine serum albumin as reference.
Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). P. tricornutum protein sam-
ples (30μL, 30 to 50 μg proteins μL-1) were diluted with 270 μL buffer B and incubated with
6 μL (0.09 mM) TAMRA-N3 solution (5 mM stock in DMSO), 18 μL (0.09 mM) ligand tris
[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amin solution (1.7 mM stock in DMSO/tert-butanol,
1/4, v/v) and 12 μL (35 mM) of a freshly prepared ascorbic acid solution (1.00 M in water).
Samples were vortexed and 6 μL (0.88 mM) copper sulfate solution (50 mM in water) were
added. Samples were vortexed again and stored on ice for 1 hour. 1% Triton™ X-100 and prote-
ase inhibitor cocktail (M221, Amresco Inc., Solon, OH, USA) were added according to the
manufacturer’s protocol and after 30 min on ice samples were centrifuged at 15,000g and 3°C
for 20 min. The supernatant was transferred into centrifugal filter units (vivaspin1500, 5,000
MWCO, PES, Sartorius, Göttingen, Germany) and the sample volume was reduced by centrifu-
gation at 15,000g and 3°C. 100μL buffer B was added three times and the volume was reduced
by centrifugation after each addition to give a final protein concentration of 10 to 20 μg
proteins μL-1.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and in-gel fluo-
rescence detection. 20 μg of protein samples were mixed with 2× loading buffer [38] and
heated to 95°C for 6 min. A protein ladder (PageRuler unstained protein ladder, Thermo
Fischer Scientific Inc., Waltham, MA, USA) and the protein sample were loaded on a SDS mini
gel containing 12% acrylamide resolving gel and 5% stacking gel prepared according to [39].
The gel was separated in a Mini-Protean1 Tetra gel cell (Bio-Rad, Herculas, CA, USA) by
applying 80 V for 30min followed by 180 V for 65min. A fluorescent picture was taken at
312nm irradiation using a UV transilluminator (UV star, Bio-Rad), a PowerShot A640 camera
(Canon, Tokyo, Japan) and a 520 nm long pass filter. The gel was stained with RAPIDstain™
(G-Biosciences, St. Louis, MO, USA).
Difference gel electrophoresis (DIGE). DIGE was conducted in triplicates. 440 to 880 μg
protein of the probe-treated sample (incubated with DDY and connected with TAMRA-N3 by
CuAAC as described before) and 50 μg protein of a control sample incubated with the N-
hydroxysuccinimide ester of the cyanine 5 fluorophore (Cy5 NHS ester) were loaded on each
of the isoelectric focusing (IEF) strips (Immobiline DryStrip, 24 cm, pH 3–11 NL, GE Health-
care Bio- Sciences, Piscataway, NJ, USA). For Cy5 labeling of the whole proteome 20 μL of the
control sample were diluted with 48 μL buffer B. 3 μL Cy5 NHS ester (2 mM in DMSO) were
added and the mixture was incubated with shaking at 4°C for 45 min. To stop labeling 5 μL of a
10 mM solution of L-lysine in water were added.
The IEF strip was rehydrated overnight (7 M urea, 2 M thiourea, 2% [w/v] CHAPS, 0.002%
[w/v] bromophenol blue, 0.5% [v/v] IPG buffer (GE Healthcare Bio-Sciences), 10 mM dithio-
threitol). Isoelectric focusing of the strips with the Ettan IPGphor II (GE Healthcare Bio-
Uptake and Protein Targets of Polyunsaturated Aldehydes in Diatoms
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Sciences) was carried out according to the following protocol: 4 h at 300 V (gradient), 4 h at
600 V (gradient), 4 h at 1,000 V (gradient), 4 h at 8,000 V (gradient) and 3 h at 8,000 V (step).
After isoelectric focusing the IEF strips were equilibrated for 15 min in 10 mL of equilibra-
tion buffer (6 M urea, 30% [v/v] glycerol, 2% [w/v] SDS, 75 mM tris(hydroxymethyl)amino-
methane, 0.002% [w/v] bromophenol blue) containing 1% [w/v] dithiothreitol and
subsequently for 15 min in 10 mL of equilibration buffer containing 2.5% [w/v] iodoacetamide.
For separation of proteins in the second dimension, the Ettan DALT System (GE Healthcare
Bio-Sciences) was used. SDS polyacrylamide gels 12% [w/v] of 1.0 mm thickness were casted
via the Ettan DALTsix Gel caster (GE Healthcare Bio-Sciences). The separation conditions
were as follows: 1 W/gel for 1 h followed by 15 W/gel for 5 h. Proteins were visualized by ana-
lyzing the gels with a Typhoon 9410 scanner (GE Healthcare Bio-Sciences) using a resolution
of 100 μm. Proteins were fixed (10% [v/v] acetic acid, 50% [v,v] methanol in water), stained
(0,025% [w/v] Coomassie R 250, 10% [v/v] acetic acid in water) and the gels were destained
(10% [v/v] acetic acid in water; see S3 Folder for unmodified Coomassie and fluorescence
images of the gels). Gels were merged with Delta2D (DECODON, Greifswald, Germany).
Protein isolation, LC-MS/MS analysis and data processing. Fluorescent TAMRA-PUA
protein spots were in-gel reduced, alkylated with iodoacetamide and digested as described by
Shevchenko et al. [40]. Tryptic peptides were extracted, dried down in a vacuum centrifuge and
dissolved in 10 μL of water containing 0.1% formic acid.
LC-MS/MS analysis and data processing were conducted as described in S1 Information.
Results
Probe design and labeling strategy
The fluorescent α,β,γ,δ-unsaturated aldehyde-derived probe TAMRA-PUA (Fig 1) could be
used successfully to investigate uptake and accumulation of PUAs in P. tricornutum and to
monitor protein targets of these natural products. TAMRA-PUA was recently developed in our
group to monitor accumulation of PUAs in copepods [35]. The probe consists of DDY as reac-
tive group that mimics DD. The alkyne functionality allows to couple the commercially avail-
able azide modified tetramethylrhodamine TAMRA-N3 (Fig 1). To identify protein targets,
DDY was incubated with P. tricornutum cells. After work-up CuAAC allowed to covalently
link the reporter TAMRA-N3 to DDY (Figs 1 and 2). For uptake studies we employed the
probe as already coupled construct TAMRA-PUA. For comparison of the activity of α,β,γ,δ-
unsaturated aldehyde-derived probes with structurally related saturated-aldehyde-derived ones
we also applied the probe TAMRA-SA (Fig 1).
Fig 2. Schematic in vivo application of the probe. Living cells of P. tricornutum were incubated with the PUA-derivative DDY. After removal of excess DDY
cell lysis followed by CuAAC enables attachment of the fluorescent reporter to covalently labeled proteins. 1D GE quickly allows detection of labeled proteins
(not shown). Identification of protein targets is enabled by 2D GE. Therefore, a second P. tricornutum sample was treated with Cy5 NHS ester to label the
whole proteome. The combined samples were separated using DIGE, labeled proteins were digested using trypsin and the resulting peptides were
separated and analyzed by LC-MS/MS.
doi:10.1371/journal.pone.0140927.g002
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TAMRA-PUA accumulates in P. tricornutum
Cell permeability and uptake of the probes by P. tricornutum was investigated by wide field
fluorescence microscopy. Living cells were treated with TAMRA-PUA, TAMRA-SA or TAM-
RA-N3 for labeling or kept as control without additional treatment. After one hour incubation
probes were removed by washing seven times with artificial seawater, once with artificial sea-
water containing 4% paraformaldehyde for cell fixation and twice with artificial seawater. Cells
were embedded in 2,2’-thiodiethanol and measured with an epifluorescence microscope in
wide field mode. Images were processed with ImageJ. Cells were encircled by hand and the
background corrected average mean gray value per pixel within each alga cell was calculated
(Fig 3). The aldehyde containing probes TAMRA-PUA and TAMRA-SA were significantly
enriched in the cells compared to TAMRA-N3 or the control. Interestingly, TAMRA-PUA
accumulation was significantly higher compared to TAMRA-SA, despite being similar in phys-
icochemical properties.
Results were verified in additional independent experiments, also using a different embed-
ding medium (S1 Fig). To confirm that the probes do not only appear on the surface we con-
ducted 3D SIM showing that TAMRA-PUA and TAMRA-SA accumulate within the cells (Fig
4). Distribution of label revealed local maxima but in general nearly the entire cellular content
was affected by the probe.
DDY covalently modifies proteins of P. tricornutum
We next tested for protein targets of PUAs in living cells using DDY as well as the saturated
aldehyde derivative SA. After incubation with the probes followed by cell lysis, TAMRA-N3
was coupled to the alkyne groups of DDY as well as SA via CuAAC (Fig 2). Proteins were
Fig 3. Fluorescence intensity of P. tricornutum cells treated under different conditions. Cells were
either incubated with TAMRA-PUA, TAMRA-N3, TAMRA-SA for one hour or kept under identical conditions
without probe. For each treatment three microscope slides with four cells each were measured. Unmodified
raw data are available in S1 and S2 Folders. Fluorescence intensities were recorded as mean gray value per
pixel after data treatment as described in the main text. Averaged mean gray values per pixel of cells of each
treatment are presented as bars ±SD. One way Anova comparing results of different microscope slides within
one treatment revealed no statistical difference (p>0.05). Kruskal-Wallis one way analysis of variance on
ranks revealed differences in the median values among the treatment groups (H = 42.436, p<0.001) and
Tukey’s HSD test (p<0.05) allowed classification into three groups: (a) TAMRA-PUA with the highest mean
gray value per pixel of 3661±809, (b) TAMRA-SA with 800±140 and (c) TAMRA-N3 and control with almost no
emission signals (20±10 and 35±9); these controls were not significantly different to each other (Tukey’s HSD
test p>0.05).
doi:10.1371/journal.pone.0140927.g003
Uptake and Protein Targets of Polyunsaturated Aldehydes in Diatoms
PLOSONE | DOI:10.1371/journal.pone.0140927 October 23, 2015 7 / 17
separated by 1D GE and monitored for fluorescent labeling. UV-illumination revealed exclu-
sive labeling of proteins in DDY treated cells while SA and DMSO treatments did not result in
any fluorescent bands (S2 Fig).
To unravel protein targets of DDY, protein extracts obtained after incubation of P. tricornu-
tum with the probe as described above were separated by DIGE in three replicates (S3 Fig, S3
Folder for unmodified pictures). For comparison samples without probe addition were incu-
bated with the Cy5 NHS ester to label the whole proteome. Separation was performed by iso-
electric focusing and SDS-PAGE as second dimension and DDY-TAMRA labeled proteins
were excised and tryptically digested. Digested peptides were separated and analyzed by
LC-MS/MS (Fig 2). More precisely separation was conducted with a nano Ultra Performance
Fig 4. Fluorescencemicroscopy of P. tricornutum cells. 3D (left) and 2D (right) images of a TAMRA-PUA
(A) and a TAMRA-SA (B) treated cell. Images were taken in 3D SIM mode. A 561nm laser was used for
excitation, and fluorescence was filtered by a band pass filter (BP 570-620nm) which opens up above 750nm.
Fluorescence is visible in the entire cells, which confirms that both probes were taken up.
doi:10.1371/journal.pone.0140927.g004
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Liquid Chromatography (nanoUPLC) and analysis by tandem mass spectrometry using data-
independent acquisition (MSE analysis). In data-independent analysis the mass spectrometer
cycles between low and high energy acquisition of data resulting in high sampling rate.
A list of confident target proteins classified according to their biological processes and
molecular functions is shown in Table 1. Two ATP synthases, four different chlorophyll a/c
binding proteins, different catalytic active enzymes and some predicted proteins were found to
be modified by the probe. A full list of confident, probable and putative proteins (for evaluation
see S1 Information) as well as an overview of all protein hits for each gel is given in S1 Table.
Discussion
While previous research mainly has reported the teratogenic and allelochemical effects of
PUAs as well as their role in cell to cell signaling (reviewed in [2–5]) and PUAs influence on
Table 1. Confident target proteins found by 2DGE. 1












ATP synthase subunit alpha, chloroplastic AtpA A0T0F1 54621.6 X OO O
ATP synthase subunit beta AtpB B7FS46 53619.2 X OO O
Photosynthesis
Fucoxanthin chlorophyll a/c protein Lhcf10 B7G5B6 21352.7 X OOO O
Fucoxanthin chlorophyll a/c protein Lhcf9 B7G955 22100.5 OOO O X
Fucoxanthin chlorophyll a/c protein Lhcx2 B7FR60 21177.4 OO O X
Fucoxanthin chlorophyll a/c protein Lhcf4 B7FRW2 21328.5 OO O X
2) Molecular function
Catalytic activity, isomerase activity
Ribulose-phosphate 3-epimerase Rpe B7FRG3 27812.0 OO O O
Catalytic activity, ligase activity
Predicted protein, family: Aspartate-ammonia ligase PHATRDRAFT_44902a B7FW24 43206.1 X OO O
Catalytic activity, oxidoreductase activity
Predicted protein, domains: Thioredoxin-like fold,
Thioredoxin domain
PHATRDRAFT_42566a B7FNS4 24136.3 X OOO OOO
Predicted protein, domain: Rieske [2Fe-2S] iron-sulphur
domain
PHATRDRAFT_9046a B7FPI8 17010.4 X OO O
Catalytic activity, transferase activity
Phosphoribulokinase Prk B5Y5F0 43325.4 X OO O
3) Predicted proteins without assignable function
Predicted protein PHATRDRAFT_42612a B7FNX7 24938.5 O OOO OOO
Predicted protein PHATRDRAFT_45465a/
PHATRDRAFT_50215a
B7FXS8 37645.2 O X OOO
Predicted protein, family: SOUL haem-binding protein PHATRDRAFT_37136a B7G284 46049.4 O OOO OOO
Predicted protein PHATRDRAFT_49286a B7GA37 32141.6 OO O O
Predicted protein, domain: NAD(P)-binding domain PHATRDRAFT_49287a B7GA38 126885.6 X OO O
Predicted protein, family: Protein of unknown function
DUF1517
PHATRDRAFT_32071a B7FQ47 33258.8 OO X O
1Proteins in this table were found in at least two of the three gels, a full list of labeled proteins can be found in S1 Information. OOO—only one protein per
excised gel spot was found, OO—identiﬁcation of probe labeled protein besides other unlabeled proteins in a gel spot, O—more than one labeled protein
per excised gel spot, X—no hit.
aNames are temporarily ascribed to an open reading frame (ORF) by a sequencing project [41].
doi:10.1371/journal.pone.0140927.t001
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gene regulation [30,31], almost nothing is known about underlying mechanistic aspects regard-
ing covalent protein interactions. Therefore, we applied a PUA-derived as well as control probe
to P. tricornutum.
Probe design and labeling strategy
PUAs are known to have diverse effects on planktonic organisms but defined molecular targets
are hitherto almost unidentified. Especially their function in cell to cell communication of dia-
toms has attracted much attention [7,8,10,14]. We undertook a labeling study to obtain a
deeper insight into the mechanism of action of these metabolites to reveal potential PUA-
uptake of phytoplankton and to identify protein targets of the compounds. Following previous
structure activity studies we addressed the specific activity of PUAs by comparison of probes
derived from the active unsaturated aldehyde (TAMRA-PUA) and the inactive saturated alde-
hyde (TAMRA-SA) [16,35]. The design of the probes allowed to employ them in two different
modes. For uptake studies we could use the TAMRA coupled molecules as described earlier for
the monitoring of PUA-targeting in copepods [35]. Interestingly, the different effects of
unmodified saturated aldehydes and PUAs observed in previous studies [16] were also mir-
rored in the effect of our different TAMRA-constructs. This indicates that the TAMRA substi-
tution has no significant influence on the action of the aldehydes. However we cannot exclude
that permeability is altered by the substitution.
Probe concentration was set to 10μM, a value for which different algae showed response to
DD regarding cell membrane permeability of SYTOX Green [7], but P. tricornutum did not
[8]. For identification of protein targets we developed a two-step protocol involving incubation
with unmodified SA or DDY and, after work-up, coupling with the TAMRA-N3. This
approach allows to minimize the influence of bulky groups during in vivo interaction with tar-
get proteins. The well-established CuAAC coupling allowed to covalently link the dye to DDY-
labeled proteins [42,43]. As fluorescent reporter we selected the tetramethylrhodamine fluoro-
phore as it is relatively cheap, pH insensitive, photostable, cell permeable and easily excitable
with common lasers and filter sets [44]. Compared to experimental design of fluorescence
microscopy where physiological conclusions were relevant, probe concentration in the mecha-
nistic gel electrophoretic experiments was increased to 250μMDDY ensuring an adequate
detection of labeled proteins.
TAMRA-PUA accumulates in P. tricornutum
Fluorescence microscopy clearly shows an uptake and accumulation of the DD derived probe
by P. tricornutum (Fig 3). In contrast, TAMRA-SA, the probe derived from an almost inactive
aldehyde with otherwise similar physicochemical properties, compared to TAMRA-PUA, did
not substantially accumulate in the cells. Apparently the α,β,γ,δ-unsaturated structure element
found in PUAs is responsible for uptake and/or accumulation within diatom cells. A potential
mechanism explaining the accumulation could be an inhibited exfiltration due to covalent
adduct formation with cellular components such as proteins [17,18] as verified below or DNA
[19–21]. In contrast, the weaker fluorescence signal of TAMRA-SA is consistent with the much
lower reactivity of the underlying structure hexanal for which only few covalent reactions with
proteins have been reported [45,46]. By applying the hexanal derived TAMRA-SA to a P. tri-
cornutum culture we did not observe any covalently modified proteins in the corresponding
1D gel (S2 Fig).
The intracellular accumulation can explain the specific elicitation of effects by PUAs [8].
We can exclude that the dye itself accumulates unspecifically in cells since TAMRA-N3 treated
P. tricornutum showed no different fluorescence signals compared to untreated controls
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(Tukey’s HSD test p>0.05 between TAMRA-N3 and no probe), confirming the effective wash-
ing procedure to remove TAMRA [47]. 3D SIM images (Fig 4) reveal that fluorescence after
application of the TAMRA-PUA probe is distributed over almost the entire cell. The lack of
intracellular compartmentation can be explained with the high reactivity of such types of elec-
trophilic Michael acceptors [16,48,49]. Apparently no preferred shuttling of the probe into spe-
cific compartments occurs but also the cell walls and membranes do not represent a barrier for
this compound class. PUA-uptake might thus be a way to facilitate diatoms´ perception of this
compound class. Efficient uptake of essential metabolites has been earlier observed in diatoms
but specific uptake mechanisms of primary and secondary metabolites involving transporters
are not yet identified [50]. However, transporters of glucose that can support mixotrophic
growth of P. tricornutum are known, supporting the note of the capability of the alga to actively
take up organic metabolites from its environment [51]. This further supports the notion of a
possible cell to cell communication mechanism based on PUAs that requires cellular uptake.
To unravel potential molecular targets within the proteome of P. tricornutum we undertook
further labeling studies.
DDY covalently modifies proteins of P. tricornutum
We performed an in vivo labeling of P. tricornutum with a PUA-derived probe to identify tar-
get proteins and to deduce affected molecular functions and biochemical pathways. We
hypothesize that modified proteins may lose their function and that PUAs thereby interrupt or
disturb metabolic pathways. These changes on a molecular level probably lead to observed
effects of PUAs like growth inhibition and cell death [4,8].
Whereas Vardi et al. used a transcriptome analysis to search for DD affected genes and gene
products by screening for up- and downregulated transcripts [29], we performed a direct inves-
tigation on the covalent modification of the proteome by DDY. Thus, we discover interactions
with proteins, which do not necessarily have an influence on the transcript level but a direct
influence on the functionality of these proteins.
Although the unsaturated aldehyde group of PUAs is universally reactive against nucleo-
philic amino acid side chains, we received moderate specific labeling of proteins (Table 1). This
agrees with previous findings that DD preferentially attacks distinct proteins and specific
nucleophilic sites if incubated with isolated purified proteins [17]. Underneath the confident
target proteins we found four fucoxanthin chlorophyll a/c proteins, which are part of the light
harvesting complex (LHC), responsible for the delivery of excitation energy between photosys-
tem I and II [52]. Compared to higher plants, LHCs of diatoms named fucoxanthin-chloro-
phyll-proteins bind chlorophyll c instead of b and fucoxanthin instead of lutein [53]. Three
groups of LHCs regarding their sequence and function are known, the found target proteins
(see Table 1) belong to two groups of them: Lhcx gene products are needed for protection
against surplus light and thus photoprotection and Lhcf gene products, the main antenna pro-
teins, function in light harvesting (reviewed in [54]). Effects of DD on photosystem efficiency
have already been shown for the diatoms Thalassiosira weissflogii [14] and a transgenic P. tri-
cornutum [29] and our findings now provide a mechanistic explanation for this action of
PUAs.
The energy harvested during light reaction is mainly stored by forming adenosine triphos-
phate (ATP). We identified two probe labeled ATP synthase subunits (see Table 1) belonging
to the extrinsic catalytic sector, CF1 [55] of the chloroplastic ATP synthase. ATP synthase,
located either in the mitochondria inner membrane or chloroplast thylakoid membrane, are
responsible for cellular ATP production from adenosine diphosphate and inorganic phosphor
in the presence of a proton gradient across the membrane [56]. The two PUA-targets ATP
Uptake and Protein Targets of Polyunsaturated Aldehydes in Diatoms
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synthase subunit alpha (AtpA) and ATP synthase subunit beta (AtpB) are located in the water
soluble CF1 complex of the chloroplastic ATP synthase. In the green algae Chlamydomonas
reinhardtii in the absence of the mitochondrial beta-subunit (gene name Atp2), ATP synthase
could not be assembled into an enzyme complex leading to decreased mitochondrial respira-
tion [57]. In conjunction with the finding of impairment of enzymes involved in light harvest-
ing the identified ATP synthase targets support the notion of a profound modulation of the
energy household under the influence of PUAs.
Enzymes from the Calvin cycle are also PUA-targets connected to photosynthetic activity.
Two PUA-targets, the kinase PRK and the epimerase RPE were found to be labeled after DDY
incubation. These enzymes are involved in carbon dioxide assimilation during the dark reac-
tion. RPE reversibly catalyzes the reaction of D-xylulose 5-phosphate to D-ribulose 5-phos-
phate in the Calvin cycle and pentose phosphate pathway [58]. The product D-ribulose-
5-phosphate is under ATP consumption further converted by PRK to D-ribulose-1,5-bispho-
sphate, which acts as acceptor for CO2 in photosynthetic carbon assimilation [59]. In the Cal-
vin cycle glyceraldehyde-3-phosphate dehydrogenase, the small protein CP12 and PRK form a
multi-enzyme complex, the redox state of PRK is regulated by thioredoxin-mediated thiol-
disulfide exchange in a light-dependent manner [59,60]. PRK is not active in the oxidized form
where cysteine residues at positions 16 and 55 in land plants and green algae form an intramo-
lecular disulfide bridge [61]. By reaction of those thiols with a PUA inactivation of PRK due to
spatial changes and loss of redox behavior is conceivable. Also labeling on other sites, such as
Lys may lead to loss of activity. Examples for alkylations were shown for PRK of different ori-
gin [62,63] and accordingly, alkylation of thiols and other nucleophilic residues by PUAs
might change activity of enzymes.
It is striking that metabolic pathways such as the pentose phosphate pathway, photosynthe-
sis including photophosphorylation and Calvin cycle that are involved in the energy household
are specifically affected by PUA-treatment. The response is more immediate than transcrip-
tomic regulation since proteins are the direct target of a covalent modification.
Conclusion
In this study we investigate the structure specificity of the uptake of PUA-derived probes and
analogues in P. tricornutum. We could also reveal PUA probe targets within the proteome of
the alga. Uptake experiments show a clear enrichment of TAMRA-PUA within the cells com-
pared to TAMRA-SA. Chemoproteomics allowed the identification of target proteins of TAM-
RA-PUA. Interestingly, preferential targets have important roles in biological processes
covering photosynthesis including ATP generation, conversion in Calvin cycle or the pentose
phosphate pathway. Besides three Lhcf- and one Lhcx-coding proteins important for light har-
vesting and photoprotection we found two ATP synthases. Generation of ATP is of major
importance since it supports nearly all cellular activities that require energy and its synthesis is
the most frequent chemical reaction in the biological word [56]. PRK, another PUA target cata-
lyzes the only reaction by which intermediates in the Calvin cycle can be contributed for fur-
ther CO2 assimilation [64]. RPE is important for both, the Calvin cycle and the reverse pentose
phosphate pathway. Loss of molecular functions of these proteins as it might occur through
covalent reactions of the nucleophilic protein residues with a PUA would immediately interfere
with the homeostasis of algae cells, explaining the fast adverse effect of PUAs.
Supporting Information
S1 Fig. Relative fluorescence intensity of P. tricornutum cells treated under different condi-
tions in two independent experiments. Cells were either incubated with TAMRA-PUA,
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TAMRA-N3, TAMRA-SA (only experiment 2) for one hour or kept under identical conditions
without probe. For each experiment one microscope slide per treatment with five cells (experi-
ment 1) or seven cells (experiment 2) was measured. For experiment 1, all microscope slides
were embedded in 2,2’-thiodiethanol as described in the materials and methods section, for
experiment 2 a poly (vinyl alcohol)/ n-propyl gallate antifade embedding medium [See Lu-
Walther H-W, Kielhorn M, Förster R, Jost A, Wicker K, Heintzmann R. fastSIM: a practical
implementation of fast structured illumination microscopy. Methods Appl Fluoresc. 2015;3
(1):014001] was used. Fluorescence intensities were recorded as mean gray value per pixel after
data treatment as described in the main text. To compare both experiments results were nor-
malized to “no probe”. Normalized averaged mean gray values per pixel of cells of each treat-
ment are presented as bars ±SD. Kruskal-Wallis one way analysis of variance on ranks revealed
differences in the median values among the treatment groups of each experiment (No. 1
H = 12.500, No. 2 H = 22.902; p<0.05). Tukey’s HSD test (p<0.05) attested significant differ-
ences between TAMRA-PUA and all other treatments within each experiment.
(TIF)
S2 Fig. SDS-PAGE of in vivo treated samples of P. tricornutum. P. tricornutum was incu-
bated with 100μM of the reactive group (RG) DDY or SA or DMSO as control. After one hour
incubation cells were lysed, CuAAC with TAMRA-N3 was applied and SDS-PAGE and in-gel
fluorescence detection were accomplished (see also Fig 2). Only the DDY treated sample shows
specific fluorescent bands.
(TIF)
S3 Fig. 2D GE images. Position of excised spots with identified proteins in the three 2D gels
(1, 2 and 3) presented in the Coomassie stained gels (A) and fluorescence images excited at
532nm for TAMRA-PUA detection (B). The positions of the spots were computed by Delta 2D
for each image by considering the Coomassie stained gel image as well as TAMRA-PUA and
Cy5 fluorescence images (for raw data of each image see S3 Folder). Slightly shifted positions
of spots between Coomassie and fluorescence images of each gel are due to change of gel
dimensions during Coomassie staining.
(TIF)
S1 Folder. Unmodified wide field fluorescence images of P. tricornutum treated with TAM-
RA-PUA, TAMRA-SA, TAMRA-N3 or without addition of a substance as control for
uptake experiments. Cells were measured with a Zeiss Elyra S1 system in wide field mode. A
561 nm laser was used for excitation, and fluorescence was filtered by a band pass filter (BP
570–620 nm) which opens up above 750 nm. WF—wide field.
(ZIP)
S2 Folder. Unmodified bright field images of P. tricornutum treated with TAMRA-PUA,
TAMRA-SA, TAMRA-N3 or without addition of a substance as control for uptake experi-
ments. Cells were measured with a Zeiss Elyra S1 system in bright field mode. Before data anal-
ysis tonal correction was optimized. BF—bright field.
(ZIP)
S3 Folder. Unmodified 2D GE images. Fluorescence images of TAMRA-PUA and Cy5
labeled protein gels and images of Coomassie stained gels.
(ZIP)
S1 Information. LC-MS/MS analysis and data processing.
(DOCX)
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S1 Table. Target proteins found by 2D GE. Proteins were classified into confident, labeled
and putative proteins subject to guidelines described in S1 Information and separated accord-
ing to their biological processes and molecular functions.
(XLSX)
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Abstract
Polyunsaturated aldehydes (PUAs) are released by several diatom species during predation. Besides other attributed
activities, these oxylipins can interfere with the reproduction of copepods, important predators of diatoms. While intensive
research has been carried out to document the effects of PUAs on copepod reproduction, little is known about the
underlying mechanistic aspects of PUA action. Especially PUA uptake and accumulation in copepods has not been
addressed to date. To investigate how PUAs are taken up and interfere with the reproduction in copepods we developed a
fluorescent probe containing the a,b,c,d-unsaturated aldehyde structure element that is essential for the activity of PUAs as
well as a set of control probes. We developed incubation and monitoring procedures for adult females of the calanoid
copepod Acartia tonsa and show that the PUA derived fluorescent molecular probe selectively accumulates in the gonads of
this copepod. In contrast, a saturated aldehyde derived probe of an inactive parent molecule was enriched in the lipid sac.
This leads to a model for PUAs’ teratogenic mode of action involving accumulation and covalent interaction with
nucleophilic moieties in the copepod reproductive tissue. The teratogenic effect of PUAs can therefore be explained by a
selective targeting of the molecules into the reproductive tissue of the herbivores, while more lipophilic but otherwise
strongly related structures end up in lipid bodies.
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Introduction
Diatoms are highly abundant marine phytoplankton and
considered to be among the most important food sources for the
dominating zooplankton such as copepods. Diatoms are thus at
the bottom of the marine food web and also play central roles in
climate functioning [1]. The beneficial role of diatoms as food
source was however questioned due to evidence of decreased
reproductive success in copepods feeding on diatom rich diets,
compared to various non-diatom prey types (reviewed in [2,3]).
Since these initial studies the effect of diatoms on copepod
reproduction has been intensively investigated in field and
laboratory experiments (reviewed in [4–6]). The production of
teratogenic a,b,c,d-polyunsaturated aldehydes (PUAs) was made
responsible for the reduced hatching success of copepod eggs and
apoptotic malformations of copepod offspring [5,7,8]. While PUAs
can explain several instances of poor copepod reproduction, their
negative impact is not universal. Several field and laboratory
assays gave no evidence of adverse PUA effects [9–13] while others
did (reviewed in [5]). Higher molecular weight oxylipins and other
toxins might provide additional explanations for observed
teratogenic effects of diatoms on copepods [4,5]. Nutritional
inadequacies of some diatom species [14] and poor nutrient
uptake due to rapid gut passage time [15] were also discussed.
Most reports fuelling the debate about PUA toxicity focus on
observations of the outcome of feeding experiments, while very few
mechanistic studies address the origin of these findings and the
mode of action of PUAs [9,16]. Data is especially lacking on how
the metabolites are delivered to and distributed in feeding
copepods.
Production of PUAs is initiated when diatom cells are wounded
in the feeding organs of the herbivores and is even observed in the
guts of the animals [17,18]. Thus proper experiments on uptake
and targeting of PUAs would have to involve an active feeding
process for delivery. Few PUA carriers have been introduced for
feeding experiments that mimic the situation in the plankton.
Buttino et al. [19] delivered the PUA 2,4-decadienal (DD)
encapsulated in giant liposomes and observed reduced egg
hatching success as well as induction of apoptosis in female tissue
and copepod embryos of Temora stylifera and Calanus helgolan-
dicus. Ianora et al. [7] incubated the non PUA-producing
dinoflagellate Prorocentrum minimum as neutral living carrier
with DD that was then delivered to copepods in feeding
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experiments. But no feeding protocols using living food sources
that allow detection of fluorescently labeled probes without
interfering photosynthetic pigments have been available to date.
This has hampered a mechanistic evaluation of PUA delivery in
the animals.
Here we introduce a feeding protocol that allows delivery of
fluorescent probes using the heterotrophic dinoflagellate Oxyrrhis
marina as a vector. We use this procedure to deliver novel
fluorescent molecular probes to adults of Acartia tonsa. This
calanoid copepod is commonly found in coastal waters in a wide
geographical range including the Antlantic, Indian and Pacific
Oceans, the Baltic, Mediterranean and North Seas [20,21]. For
Acartia spp. first experiments on the effects of diatoms in general
as well as PUA producers were performed. No teratogenic effect
was observed with A. tonsa feeding on a diatom rich natural diet
but no information about the PUA content of this mixed diet was
reported [22]. In specific feeding experiments the PUA producer
Thalassiosira rotula caused reduced egg production and hatching
success and led to blockage of egg development in Acartia clausi
[23].
The applied probe for monitoring the targeting of PUA consists
of a head group containing the a,b,c,d-unsaturated aldehyde
motive and a tetramethylrhodamine based fluorescent reporter
(TAMRA-PUA in Figure 1). The general layout follows concepts
of activity-based protein profiling that allow delivery of nucleo-
philic target molecules to biological matrices [24]. According to
previous results saturated aldehydes (SAs) that are structurally very
similar to PUAs are not active and represent ideal controls due to
their physicochemical resemblance to the antiproliferative metab-
olites [25]. We therefore applied a SA derived probe (TAMRA-SA
in Figure 1) with otherwise identical properties compared to
TAMRA-PUA. These probes proved to be valuable tools to
monitor PUA uptake and to answer the question if accumulation
takes place in specific organs of the copepods. Indeed, accumu-
lation of TAMRA-PUA was visible in the gonads of A. tonsa while
TAMRA-SA enriched in the lipid sac.
Materials and Methods
Synthesis of the probe and other molecules
A DD derived synthetic probe (TAMRA-PUA) synthesized
from 2E,4E-decadien-9-ynal (DDY) containing the fluorophore 5-
tetramethylrhodamine, a hexanal derived probe containing 5-
tetramethylrhodamine (TAMRA-SA) and 5-tetramethylrhoda-
mine-azide (TAMRA-N3) were synthesized (Figure 1, Information
S1).
Culturing of O. marina and incubation with the probes
Oxyrrhis marina (Dujardin) CCMP605, obtained from the
Provasoli-Guillard National Center for Marine Algae and
Microbiota, (NCMA, East Boothbay, Maine, USA), was used as
food for copepods and carrier of the molecular probes. Cultures
were kept with Dunaliella tertiolecta (Butcher) CCMP1320 as food
source. Before copepod feeding experiments O. marina cultures
(9.46103 cells in 10 mL f/2) were fed with D. tertiolecta (500 mL of
a 7286103 cells mL21 culture) and kept for six days at 22uC
without light in f/2 medium [26]. For experiments with copepods
only cultures with low D. tertiolecta content (cell number lower
than one tenth of O. marina) were used. To load O. marina with
molecular probes, these cultures were incubated in the dark at
22uC for 2 h (experiment I) or 1 h (experiments II, III) with
10 mM TAMRA-PUA, TAMRA-N3 or TAMRA-SA, respectively
(for structures see Figure 1). Probes were administered as 5 mM
stock solutions in DMSO at O. marina cell densities of 12.56103
cells mL21 (I, II) and 5.06103 cells mL21 (III). A schematic
representation of the experiments is given in Figure 2.
Sampling and selection of A. tonsa and feeding with the
probe treated O. marina
Acartia tonsa (Dana) was sampled during daytime between 6–9
April 2013 from the dock of the Skidaway Institute of Oceanog-
raphy, Savannah, Georgia, USA by towing a 200-mm mesh net
perpendicularly from the bottom to surface. The content of the cod
end was transported immediately to the laboratory, where adult
females were sorted out for the experiments by pipetting under a
dissecting microscope. Individual females were kept in 20 mL
polystyrene vessels (Sample cup 722060, Dynalon Labware,
Rochester, New York, USA used in experiments I and II) or
2 mL polystyrene well plates (MultiDish 150628, Nalgene Nunc,
Penfield, New York, USA used in experiment III) filled with filtered
dock water (0.7 mm, GF/F Whatman, Clifton, NJ, USA). Females
were either kept on un-incubated control food or treated with
10 mM TAMRA-PUA, TAMRA-SA or TAMRA-N3 pre-incubat-
ed O. marina cultures (see above). The final cell density/carbon
content of O. marina for experiment I was adjusted to 313 cells
mL21/161 mg C L21 for TAMRA-PUA and TAMRA-SA and 625
cells mL21/323 mg C L21 for TAMRA-N3 and controls. For
experiment II 313 cells mL21/161 mg C L21 and for III 714 cells
mL21/369 mg C L21 were used. Vessels and wells were kept dark
by a cover of aluminium foil to reduce growth of remaining D.
tertiolecta and incubated in the climate chamber at 22uC for 5 to 6 h
(I), 20 h (II) or 29 h (III). The feeding period was ended by
replacing the medium containingO. marinawith filtered dock water
four times using a pipette. Thereafter copepods were either sampled
immediately (experiment I for TAMRA-N3 and non-treated algae)
or the copepods were left to starve in the prey free dock water for
40 min (experiment I for TAMRA-PUA and TAMRA-SA treated
copepods) before sampling. All copepods were starved for 2.5 h in
experiment II or 1 h in experiment III before sampling. The
copepods were sampled and fixed by placing them in a bottom plate
of an Utermo¨hl sedimentation chamber containing filtered dock
water and glutaraldehyde (final concentration 0.3%).
Fluorescence microscopy
Fluorescence and bright field images were taken with an
Olympus IX-50 inverted epifluorescence microscope (Tokyo,
Japan) equipped with a 100-W mercury burner and a 1.4 MP
colour CCD microscopy camera (M14, by Lumenera, Ottawa,
Ontario, Canada). The Olympus filter cube U-MNG (NG) was
used with a 530–550 nm excitation filter, a DM 570 nm dichroic
mirror, and a BA 590 nm barrier filter. The microscope’s
magnification is 2.5, either 4x (UPlan Fl 4x) or 10x (UPlan Fl
10x phase) objectives were used to observe copepods. Unless
otherwise indicated epifluorescence pictures of A. tonsa were taken
with 500 ms exposure time.
Bright field images were transferred into monochrome pictures
and processed with Adobe Photoshop CS6 regarding tonal
correction. For overlays of fluorescence and bright field images,
the black channel of each fluorescence image was removed and
selective color settings were optimized, whereby the same routine
and settings were applied to all images. All unmodified pictures are
available in Folder S1.
Results and Discussion
Design of the probe and control substances
Previous work showed that the activity of PUAs is highly
structure specific. While a series of medium size a,b,c,d-
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unsaturated aldehydes tested showed activity, SAs were completely
inactive even at elevated concentrations. Interestingly, activity of
a,b,c,d-unsaturated aldehydes was not determined by the polarity
of the terminus thus offering a potential site for structural
manipulation [25,27]. We therefore developed a probe containing
a C10 a,b,c,d-unsaturated aldehyde structure element linked at
the terminus with the well-established and commercially available
fluorophore tetramethylrhodamine (TAMRA) (Figure 1). The
approach offers the possibility to localize TAMRA-PUA and
other TAMRA containing molecules by fluorescence microscopy
without interfering with the active structural element. For control
experiments we synthesized a probe with similar structure only
modifying the aldehyde head group. By exchanging the a,b,c,d-
unsaturated aldehyde motive with a saturated aldehyde structure
we obtained the probe TAMRA-SA modeled after the inactive
structures [27]. The corresponding fluorescent azide (TAMRA-
N3) was monitored in control experiments to exclude that
accumulation due to the structure of the fluorophore itself occurs
in the copepods.
Figure 1. Synthesis of TAMRA-PUA and TARMA-SA. A) Synthesis of DDY, conditions: a) KOH, H2O, 22% yield; b) 1.2 equ. PPh3, 1.2 equ. I2,
CH2Cl2, 55% yield; c) 3.2 equ. Mg, C2H4Br2, THF, d) 1.2 equ. ZnBr2, THF; e) 0.06 equ. Pd(PPh3)4, THF, 28 to 30% yield; f) 1.2 equ. TBAF, THF, H2O, 30%
yield; B) Synthesis of the probes, conditions: g) tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine), sodium ascorbate, copper sulfate, 68% and 77%
yield. R = 5-N-propylcarbamoyl tetramethylrhodamine. For detailed experimental procedures and product characterization see Information S1.
doi:10.1371/journal.pone.0112522.g001
Figure 2. Schematic representation of the experimental set-up. In experiment I incomplete defecation was observed, experiment III was only
performed with TAMRA-SA and TAMRA-N3.
doi:10.1371/journal.pone.0112522.g002
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Feeding procedure and defecation of A. tonsa
Previous experiments showed that PUAs can be delivered on
the food algae P. minimum to the copepod C. helgolandicus. If this
dinoflagellate is incubated in a PUA solution in seawater it adsorbs
some of the compounds and delivers them if added as a food
source to the copepods [7]. In pilot experiments we loaded 10 mM
TAMRA-PUA on P. minimum and delivered it to A. tonsa.
Unfortunately, the strong autofluorescence of P. minimum
interfered with the detection of the TAMRA fluorescence (see
Figure S1). It was thus impossible to distinguish between TAMRA
and chlorophyll fluorescence. To overcome this limitation we
reasoned that a heterotrophic food source that does not contain
any photosynthetic pigments could act as a shuttle of the probe.
The heterotrophic dinoflagellate O. marina is known to be a good
food source for A. tonsa (reviewed in [28]) and the first
experiments demonstrated that TAMRA-PUA can be loaded on
this prey (Figure S2). The dinoflagellate O. marina was fed with
the diatom D. tertiolecta. To avoid interference of the pigments of
the prey alga, six days before the onset of feeding experiments, O.
marina cultures were transferred into the dark to arrest growth of
the algae. Remaining algae were removed from the culture by
predation of O. marina. Before the experiments were conducted, it
was verified by microscopy that the D. tertiolecta cell count was
significantly lower than that of O. marina, a criterion indicating
sufficient suppression of algal autofluorescence. Before conducting
the final experiments, preliminary treatments were performed to
determine optimum probe-concentration and incubation times. In
the experiments shown, one O. marina culture was split in four
equal parts and either incubated for 1 h (experiments II, III) or
2 h (I) with 10 mMTAMRA-PUA, 10 mMTAMRA-SA or 10 mM
TAMRA-N3. The schematic overview of the experiments is
presented in Figure 2. One control received no treatment.
Single individuals of A. tonsa females were sorted into filtered
dock water and pre-treated or control O. marina cultures were
added to give final cell densities between 313 cells ml21 and 714
cells ml21. After feeding for 5 to 29 h, the O. marina containing
medium was replaced by filtered dock water. Copepods were
either sampled directly or starved for up to 2.5 h before sampling.
Immediately after sampling fluorescence microscopy was conduct-
ed to reveal the localization of the probes within the animals.
We first checked for the effect of defecation and washing of
copepods (experiment I) to minimize fluorescence on the surface of
copepods or in the digestive tract that might interfere with a
possible detection of TAMRA-accumulation in copepod tissue
(Figure 3). Without starvation a high and unspecific fluorescence
was observed if copepods were incubated with TAMRA-N3
(Figure 3d). This might result from unspecific adsorption of the
fluorescent dye to the surface of the copepods. This unspecific
fluorescence could be eliminated within a 1 to 2.5 h starvation and
washing time in fresh medium (Figure 3, Figure 4 and Figure 5).
Also the observed fluorescence in the stomach and gut area of the
copepods could be reduced significantly by 1 to 2.5 h starvation
(and defecation). Earlier reports indicated reduced fluorescence of
photopigments of food algae in A. tonsa after 120 min starvation
to ca. 5% of initial values [29]. Indeed, only minor TAMRA-N3
fluorescence was observed in the gut after this period indicating
that the unmodified fluorophore does not behave significantly
different compared to food pigments (Figure 4d and Figure 5a).
Copepods fed O. marina that was not incubated with a
fluorophore did not show any signal in the digestive tract. This
indicates a successful elimination of autofluorescence of O. marina
food algae (Figure 4b). Remaining fluorescence in the digestive
tract thus originates from TAMRA derivatives and not the
autofluorescence of D. tertiolecta.
Uptake and localization of TAMRA-PUA
When copepods were fed for brief periods of 5 to 6 h on
TAMRA-PUA and TAMRA-SA pre-treated O. marina cells as
food source and a starvation of 40 min was allowed (Figure 2),
enrichment of fluorescence was mainly detected in the gut
(Figure 3f, h). These probes remained longer in the digestive tract
in comparison to TAMRA-N3. Assuming a clearance of ca. 80%
of gut fluorescence from pigmented food algae after 40 min [29],
remaining fluorescence would likely be due to residual TAMRA-
loaded food. Also the increased hydrophobicity of the aldehyde-
probes might be responsible for longer residual times in the gut.
However, since we aimed to elucidate the localization of PUAs
Figure 3. Overview about feeding experiment I with A. tonsa. Copepods were fed for 5 h on non-treated (a, b) O. marina or on TAMRA-N3 (c,
d) loaded O. marina (323 mg C L21) without starvation. Copepods fed for 6 h with TAMRA-PUA (e, f) or TAMRA-SA (g, h) pre-treated O. marina
(161 mg C L21) and starved for 40 min still showed gut fluorescence. First line (a, c, e, g): light microscopy images; second line (b, d, f, h): overlay light
microscopy and epifluorescence images.
doi:10.1371/journal.pone.0112522.g003
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within the copepod tissue, we chose longer feeding and defecation
times in the subsequent experiments. For optimization, we
incubated A. tonsa under different conditions, e.g. copepod
feeding and starvation times as well as food carbon content. A
starvation time of at least 1 h usually enabled more complete
defecation and offered the possibility to observe areas of probe
accumulation without interfering fluorescent gut content.
Most intensive tissue fluorescence in TAMRA-PUA treated
copepods was reached with condition II (161 mg C L21, 20 h
feeding time and 2.5 h starvation) (Figure 4f, f2). With remarkable
selectivity, the probe accumulated preferentially in the gonads
(Figure 4f2, arrow). This accumulation supports the activity of
PUAs as antiproliferative metabolites. The targeted delivery of
these reactive metabolites to the reproductive organs explains
observation that diatom rich diets cause oocyte degradations
characterised by cell fragmentation, presence of apoptotic bodies
and degradation of cytoplasm in Calanus helgolandicus [9]. In
that study histological and cytological observations on gonads and
oocyte development stages in C. helgolandicus were performed
and several mechanisms as well as other factors besides PUA
content of the diet were postulated to cause adverse effects in
copepod oocyte maturation. A targeted delivery of active
metabolites at least partially explains the observed selectivity of
adverse effects. Our finding thus provides an explanation for how
PUAs can be teratogenic to copepods without any other obvious
harmful effect on the feeding adults [30]. Accumulation might be
facilitated by covalent reactions of the DD analogue TAMRA-
PUA since DD acts as electrophile: PUAs are known to be
attacked by nucleophiles, such as amine or thiol groups of proteins
[31,32] or amine groups of DNA [33–35]. Such reactions lead to
modifications of enzymes that might lead to dysfunctions,
functional alterations and thus interference with molecular
functions and biological processes. DNA modifications might
disturb transcription and translation. In addition, DD enhances
oxidative stress which causes DNA breaks [36].
Uptake and localization of TAMRA-SA
Experimental setup III with increased carbon content of 369 mg
C L21, increased copepod feeding time of 29 h and 1 h starvation
showed an accumulation of TAMRA-SA in the lipid sac of a
female (Figure 5b, b2 arrow). TAMRA-SA is the most nonpolar of
all tested substances and therefore incorporation in the lipid sac of
Figure 4. Overview about feeding experiment II with A. tonsa. Copepods were fed for 20 h on pre-treated or non-treated O. marina (161
mg C L21) followed by 2.5 h starvation. Strong fluorescence of the TAMRA-PUA treated copepod (e, f, f1, f2) is observed, the arrow indicates high
accumulation of TAMRA-PUA in gonad tissue (f2). First line (a, c, e, g, f1): light microscopy images; second line (b, d, f, h): overlay light microscopy
and epifluorescence images; f2: epifluorescence image. Overlay image f is bisected – right section: with routine applied to all other fluorescence
pictures, left section: changed settings for selective colour correction.
doi:10.1371/journal.pone.0112522.g004
Figure 5. Feeding experiment III with A. tonsa. Copepods were fed for 29 h with TAMRA-N3 (a, exposure time 1.5 s) or TAMARA-SA (b, b1, b2
exposure time 500 ms) pre-treated O. marina (369 mg C L21) and starved for 1 h. The arrow indicates high accumulation of TAMRA-SA in the lipid sac
(b2). a, b: overlay light microscopy and epifluorescence images; b1: light microscopy image; b2 epifluorescence image.
doi:10.1371/journal.pone.0112522.g005
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A. tonsa might be caused by its physicochemical properties. This
result is in agreement with the fact that copepods store part of their
food lipids in a lipid sac for energy supply and reproduction [37].
The results indicate that there are different accumulation
behaviours of PUAs and SAs besides the physicochemical
similarities of these molecules. PUAs enrich in gonads, where
they probably interfere with enzyme activity and physiological
functions resulting in their teratogenic activity. In contrast, their
saturated non-toxic counterparts seem to be enclosed in the lipid
sac for storage.
Conclusion
In this study we introduce the delivery and use of molecular
probes designed to monitor the action of PUAs in copepods. We
provide evidence for a targeted localization of a PUA-derived
molecular probe in the gonads of A. tonsa. These effects could be
responsible for PUAs’ selective teratogenic action. We also show
that a probe derived from an inactive SA accumulates in the lipid
bodies thereby further supporting the notion of selectivity of PUAs.
Supporting Information
Figure S1 Bright field and epifluorescence images of
Prorocentrum minimum. Algae cells were treated without (a,
b) and with 10 mm TAMRA-PUA after 1 h (c, d) and 22 h (e, f)
incubation time. For epifluorescence images the exposure time was
405 ms. Cells were measured with an Olympus HX-60 equipped
with an U-MSWG filter cube containing an BP 480–550 nm
excitation filter, a DM 570 nm dichroic mirror and an BA 590 nm
emission filter combined with a Retiga 1300 camera.
(TIF)
Figure S2 Bright field and epifluorescence images of
Oxyrrhis marina. Cells were treated without (a, b, c) and with
10 mm TAMRA-PUA after 19 h (d, e, f) incubation time. For
epifluorescence images the exposure time was 200 ms (b, e) or 405
ms (c, f). The cells were measured as described for Figure S1.
(TIF)
Folder S1 Unmodified light microscopy and epifluores-
cence images of A. tonsa.
(ZIP)
Information S1 Experimental procedures and charac-
terization data of synthetic products.
(DOCX)
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;Ϭ͘ϭŵ> ƉĞƌ ϭŵDŵĂŐĞŶƐŝƵŵͿ ĂŶĚ Ă ƐŽůƵƚŝŽŶ ŽĨ ϭ͘Ϭ ĞƋƵ͘ ŽĨ ϱͲĐŚůŽƌŽͲϭͲƚƌŝŵĞƚŚǇůƐŝůǇůƉĞŶƚͲϭͲǇŶĞ ŝŶ








dƌŝŵĞƚŚǇůƐŝůǇůƉĞŶƚͲϰͲǇŶĞͲǌŝŶĐ;//ͿďƌŽŵŝĚĞ ǁĂƐ ƐǇŶƚŚĞƐŝǌĞĚ ĂĐĐŽƌĚŝŶŐ ƚŽ ĚŽůƉŚ Ğƚ Ăů͘ ΀Ϯ΁͘ dŚĞ





ĞƋƵ͘ŽĨ ƚŚĞŵŝǆƚƵƌĞŽĨ ŝƐŽŵĞƌƐϱͲ/ŽĚŽͲƉĞŶƚĂͲϮ͕ϰͬͲĚŝĞŶĂů ŝŶd,& ;ϭŵ>ƉĞƌϬ͘ϭŵŵŽůͿ͘ϯ͘ϭ ƚŽϱ͘Ϭ
ĞƋƵ͘ŽĨƚŚĞĐůĞĂƌƐŽůƵƚŝŽŶŽĨϱͲƚƌŝŵĞƚŚǇůƐŝůǇůƉĞŶƚͲϰͲǇŶĞͲǌŝŶĐ;//ͿďƌŽŵŝĚĞǁĞƌĞĂĚĚĞĚ͘dŚĞƌĞĂĐƚŝŽŶǁĂƐ
ŚǇĚƌŽůǇǌĞĚĂĨƚĞƌϱƚŽϭϬŵŝŶĂŶĚĞǆƚƌĂĐƚĞĚϯƚŝŵĞƐǁŝƚŚĚŝĞƚŚǇůĞƚŚĞƌ͘dŚĞĐŽŵďŝŶĞĚŽƌŐĂŶŝĐƉŚĂƐĞƐ
ǁĞƌĞǁĂƐŚĞĚǁŝƚŚ ďƌŝŶĞ ĂŶĚ ĚƌŝĞĚǁŝƚŚDŐ^Kϰ͘ ŽůƵŵŶ ĐŚƌŽŵĂƚŽŐƌĂƉŚǇǁĂƐ ƵƚŝůŝǌĞĚǁŝƚŚ ƉĞƚƌŽů
ĞƚŚĞƌͬĚŝĞƚŚǇů ĞƚŚĞƌ ;ϰͬϭ͕ ǀͬǀͿ͘  ůŝŐŚƚ ǇĞůůŽǁ Žŝů ǁĂƐ ŽďƚĂŝŶĞĚ ǁŝƚŚ Ϯϴ ƚŽ ϯϬй ǇŝĞůĚ͖ ŝƚ ĐŽŶƚĂŝŶĞĚ
ĂƉƉƌŽǆŝŵĂƚĞůǇϱйŽĨƚŚĞϮ͕ϰŝƐŽŵĞƌĂŶĂůǇǌĞĚďǇ'ͲD^͘
ϭ,ͲEDZ;ϰϬϬD,ǌ͕ůϯͿɷ;ƉƉŵͿсϬ͘ϭϰ;Ɛ͖ϵ,͖^ŝ;,ϯͿϯͿ͖ϭ͖ϲϱ;ƋƵŝŶ͖ϯ:сϳ͘ϯϮ,ǌ͖Ϯ,͖,ͲϳͿ͖Ϯ͘Ϯϲ;ƚ͖
ϯ:сϲ͘ϵϱ,ǌ͖Ϯ,͖,ͲϴͿ͖Ϯ͘ϯϯ ;ŵ͖Ϯ,͖,ͲϲͿ͖ϲ͘Ϭϴ ;ĚĚ͖ϯ:сϭϱ͘ϬϬ,ǌ͖ ϯ:сϳ͘ϲϴ,ǌ͖ϭ,͖,ͲϮͿ͖ϲ͘Ϯϱ;Ěƚ͖













ϮϬŵŐ ;Ϭ͘ϬϵϭŵŵŽůͿ ;Ϯ͕ϰͿͲϭϬͲ;ƚƌŝŵĞƚŚǇůƐŝůǇůͿĚĞĐĂĚŝĞŶͲϵͲǇŶĂů ǁĞƌĞ ĚŝƐƐŽůǀĞĚ ŝŶ ϰŵ> d,& ĂŶĚ
ĐŽŽůĞĚƚŽϬΣ͘ĨƚĞƌĂĚĚŝŶŐϬ͘ϭϭŵ>;Ϭ͘ϭϭŵŵŽůͿŽĨĂϭ͘ϬDƚĞƚƌĂͲŶͲďƵƚǇůĂŵŵŽŶŝƵŵĨůƵŽƌŝĚĞƐŽůƵƚŝŽŶ
ƚŚĞ ƐŽůƵƚŝŽŶ ǁĂƐ ƐƚŝƌƌĞĚ ƚŝůů ĐŽŵƉůĞƚĞ ƚƵƌŶŽǀĞƌ ;ǀĞƌŝĨŝĞĚ ďǇ d>Ϳ ĨŽůůŽǁĞĚ ďǇ ŚǇĚƌŽůǇǌĂƚŝŽŶ ĂŶĚ
ĞǆƚƌĂĐƚŝŽŶ ;ϯ ƚŝŵĞƐǁŝƚŚĚŝĞƚŚǇůĞƚŚĞƌͿ͘dŚĞĐŽŵďŝŶĞĚŽƌŐĂŶŝĐƉŚĂƐĞƐǁĞƌĞǁĂƐŚĞĚǁŝƚŚďƌŝŶĞĂŶĚ
ĚƌŝĞĚǁŝƚŚDŐ^Kϰ͘ ŽůƵŵŶ ĐŚƌŽŵĂƚŽŐƌĂƉŚǇǁĂƐ ƵƚŝůŝǌĞĚǁŝƚŚ ƉĞƚƌŽů ĞƚŚĞƌͬĚŝĞƚŚǇů ĞƚŚĞƌ ;ϱͬϭ͕ ǀͬǀͿ
ĂŶĚĂ ůŝŐŚƚǇĞůůŽǁŽŝůǁĂƐŽďƚĂŝŶĞĚǁŝƚŚϯϬйǇŝĞůĚ͘dŚĞƉƌŽĚƵĐƚ ĐŽŶƚĂŝŶƐĂƉƉƌŽǆŝŵĂƚĞůǇϱйŽĨ ƚŚĞ
Ϯ͕ϰŝƐŽŵĞƌ;ĂŶĂůǇǌĞĚďǇ'ͲD^Ϳ͘
ϭ,ͲEDZ ;ϰϬϬD,ǌ͕ůϯͿɷ;ƉƉŵͿсϭ͘ϳϬ ;ƋƵŝŶ͖ ϯ:сϳ͘ϯϮ,ǌ͖Ϯ,͖,ͲϳͿ͖ϭ͘ϵϴ ;ƚ͖ ϰ:сϮ͘ϱϲ,ǌ͖ϭ,͖,Ͳ
ϭϬͿ͖ Ϯ͘Ϯϰ ;ƚĚ͖ ϯ:сϲ͘ϵϱ,ǌ͖ ϯ:сϮ͘ϱϲ,ǌ͖ Ϯ,͖ ,ͲϴͿ͖ Ϯ͘ϯϲ ;ŵ͖ Ϯ,͖ ,ͲϲͿ͖ ϲ͘Ϭϵ ;ĚĚ͖ ϯ:сϭϱ͘ϯϳ,ǌ͖






















dDZͲEϯ ǁĂƐ ƐǇŶƚŚĞƐŝǌĞĚ ĂĐĐŽƌĚŝŶŐ ƚŽ ZŝĐŚƚĞƌ Ğƚ Ăů͖͘ ƐƉĞĐƚƌŽƐĐŽƉŝĐ ĚĂƚĂ ĂƌĞ ŝĚĞŶƚŝĐĂů ƚŽ ƚŚĞ
ůŝƚĞƌĂƚƵƌĞ΀ϱ΁͘

ϭ,ͲEDZ ;ϲϬϬD,ǌ͕ ϯKͿ ɷ;ƉƉŵͿ с ϭ͘ϵϱ ;ƋƵŝŶ͖ ϯ:сϲ͘ϲϬ,ǌ͖ Ϯ,͖ ,ͲϮϳͿ͖ ϯ͘Ϯϴ ;Ɛ͖ ϭϮ,͖ ,ͲϮϭн,Ͳ
ϮϮн,ͲϮϯн,ͲϮϰͿ͖ ϯ͘ϰϳ ;ƚ͖ ϯ:сϲ͘ϲϬ,ǌ͖ Ϯ,͖ ,ͲϮϴͿ͖ ϯ͘ϱϰ ;ƚ͖ ϯ:сϲ͘ϲϬ,ǌ͖ Ϯ,͖ ,ͲϮϲͿ͖ ϲ͘ϵϭ ;Ě͖












ϲ͘ϬŵŐ ;Ϭ͘ϬϭϭŵŵŽůͿ ƚƌŝƐ΀;ϭͲďĞŶǌǇůͲϭ,Ͳϭ͕Ϯ͕ϯͲƚƌŝĂǌŽůͲϰͲǇůͿŵĞƚŚǇů΁ĂŵŝŶĞͿ ;ddͿ͕ ϰ͘ϳŵ> ƉŚŽƐƉŚĂƚĞ
ďƵĨĨĞƌĞĚ ƐĂůŝŶĞ͕ Ϭ͘ϯŵ> ƚĞƌƚͲďƵƚĂŶŽů ĂŶĚ ϲŵ> D^K͘ ϯϮђ> ŽĨ Ă ϭ͘ϬD ƐŽĚŝƵŵ ĂƐĐŽƌďĂƚĞ ƐŽůƵƚŝŽŶ
;Ϭ͘ϬϯϮŵŵŽůͿĂŶĚϮϭђ>ŽĨĂϬ͘ϯϬDĐŽƉƉĞƌƐƵůĨĂƚĞƐŽůƵƚŝŽŶ;Ϭ͘ϬϬϲŵŵŽůͿǁĞƌĞĂĚĚĞĚǁŝƚŚƐƚŝƌƌŝŶŐ͘
ĨƚĞƌ ϴ ŚŽƵƌƐ ƚŚĞ ŵŝǆƚƵƌĞ ǁĂƐ ůŽĂĚĞĚ ŽŶ Ă ϭϴ ĐĂƌƚƌŝĚŐĞ ;ŚƌŽŵĂďŽŶĚΠ͕ ϭϴ͕ ĞŶĚĐĂƉƉĞĚ͕
D,ZzͲE'>ͿĨŽƌƐŽůŝĚƉŚĂƐĞĞǆƚƌĂĐƚŝŽŶ͘dŚĞĐŽůƵŵŶǁĂƐǁĂƐŚĞĚǁŝƚŚǁĂƚĞƌĂŶĚĞůƵƚĞĚǁŝƚŚ





ϮϰͿ͖ ϯ͘ϱϭ ;ƚ͖ ϯ:сϲ͘ϲϬ,ǌ͖ Ϯ,͖ ,ͲϮϲͿ͖ ϰ͘ϱϮ ;ƚ͖ ϯ:сϲ͘ϲϬ,ǌ͖ Ϯ,͖ ,ͲϮϴͿ͖ ϲ͘Ϭϴ ;ĚĚ͖ ϯ:сϭϱ͘ϰϭ,ǌ͖













ϱ͘ϬŵŐ ;Ϭ͘ϬϱϮŵŵŽůͿ ϱͲŚĞǆǇŶĂů ĂŶĚ ϭϭ͘ϭŵŐ ;Ϭ͘ϬϮϮŵŵŽůͿ dDZͲEϯ ǁĞƌĞ ŵŝǆĞĚ ǁŝƚŚ ϯ͘ϬŵŐ
;Ϭ͘ϬϬϲŵŵŽůͿ dd͕ ϱŵ> ƚĞƌƚͲďƵƚĂŶŽů͕ ϭŵ>D^KĂŶĚ ϱŵ> ĚĞŝŽŶŝǌĞĚǁĂƚĞƌ͘ ϭϯϮђ> ŽĨ Ă ϭ͘ϬD
ƐŽĚŝƵŵ ĂƐĐŽƌďĂƚĞ ƐŽůƵƚŝŽŶ ;Ϭ͘ϭϯϮŵŵŽůͿ ĂŶĚ ϭϮϲђ> ŽĨ Ă Ϭ͘ϬϱϬD ĐŽƉƉĞƌ ƐƵůĨĂƚĞ ƐŽůƵƚŝŽŶ
;Ϭ͘ϬϬϲŵŵŽůͿ ǁĞƌĞ ĂĚĚĞĚ ǁŝƚŚ ƐƚŝƌƌŝŶŐ͘ ĨƚĞƌ ƐƚŝƌƌŝŶŐ ŽǀĞƌ ŶŝŐŚƚ ƚŚĞ ƐŽůǀĞŶƚ ǁĂƐ ƌĞŵŽǀĞĚ ƵŶĚĞƌ
ƌĞĚƵĐĞĚƉƌĞƐƐƵƌĞ͕ƚŚĞƌĞƐŝĚƵĞǁĂƐƉĂƌƚůǇĚŝƐƐŽůǀĞĚŝŶϭŵ>ŵĞƚŚĂŶŽůĂŶĚϵŵůĚĞŝŽŶŝǌĞĚǁĂƚĞƌĂŶĚ
ƉƵƌŝĨŝĞĚǀŝĂƉƌĞƉĂƌĂƚŝǀĞ,W>͕ƚŚĞƌĞŵĂŝŶŝŶŐƌĞƐŝĚƵĞŵĂŝŶůǇĐŽŶƚĂŝŶĞĚddĂŶĚǁĂƐĚŝƐĐĂƌĚĞĚ͘dŚĞ
ƐŽůǀĞŶƚ ǁĂƐ ƌĞŵŽǀĞĚ ƵŶĚĞƌ ƌĞĚƵĐĞĚ ƉƌĞƐƐƵƌĞ ǇŝĞůĚŝŶŐ ŝŶ ϭϬ͘ϮŵŐ ;Ϭ͘ϬϭϳŵŵŽů͕ ϳϳ йͿ ĚĂƌŬ ƌĞĚ
ĐƌǇƐƚĂůƐ͘
ϭ,ͲEDZ;ϲϬϬD,ǌ͕ϯKͿɷ;ƉƉŵͿсϭ͘ϱϱͲϭ͘ϲϳ;ŵ͖Ϯ,Ϳ͖ϭ͘ϳϮͲϭ͘ϳϵ;ŵ͖Ϯ,Ϳ͖Ϯ͘Ϯϳ;ƋƵŝŶ͖ϯ:сϲ͘ϲϰ,ǌ͖







Ϯ͘ ĚŽůƉŚ ^͕ WŽƵůĞƚ ^͕ WŽŚŶĞƌƚ ' ;ϮϬϬϯͿ ^ǇŶƚŚĞƐŝƐ ĂŶĚ ďŝŽůŽŐŝĐĂů ĂĐƚŝǀŝƚǇ ŽĨD͕E͕J͕GͲƵŶƐĂƚƵƌĂƚĞĚ
ĂůĚĞŚǇĚĞƐĨƌŽŵĚŝĂƚŽŵƐ͘dĞƚƌĂŚĞĚƌŽŶϱϵ͗ϯϬϬϯʹϯϬϬϴ͘
ϯ͘^ĐŚǁĞƚůŝĐŬ<;ϮϬϬϵͿKƌŐĂŶŝŬƵŵ͘tĞŝŶŚĞŝŵ͗tŝůĞǇͲs,͘
























































































PD[LPXP89°YLVDEVRUSWLRQDWQP LVRQHRI WKH ILUVW
H[WULQVLFIOXRUHVFHQWG\HVLQWURGXFHGLQWKLVILHOGDQGLVVWLOO





































UHDFWLYHJURXS WKDW UHDFWVZLWK WKHSURWHLQ WDUJHW DQG  D
UHSRUWHUXQLWIRUGHWHFWLRQZKLFKFRXOGEHHJDIOXRURSKRUHD
06WDJELRWLQRUDFRPELQDWLRQRIWKHVH>@)RULQYLYRRU








OHQWO\ WR WDUJHW IXQFWLRQDO JURXSV OLNH DPLQHV DOGHK\GHV
NHWRQHVFDUER[\OLFDFLGVDQGHQKDQFHWKHLUGHWHFWLRQOLPLWLQ
/&°HOHFWURVSUD\LRQL]DWLRQ(6,067KLVFDQEHDFKLHYHGE\











:H WKRURXJKO\ FKDUDFWHUL]H LWV UHDFWLYLW\ DQG XWLOLW\ZLWK




















VXEVWDQFHV +RZHYHU LQWURGXFWLRQ RI WKHVH KHDY\ DWRP
VXEVWLWXHQWVLQDIOXRURSKRUHLVFKDOOHQJLQJVLQFHLWRIWHQUHVXOWV









FHQFHVKRXOGJXDUDQWHH IRUXQELDVHGGHWHFWLRQ LQ WLVVXHVRU
XQGHUYDULDEOHDQDO\WLFDOFRQGLWLRQV,QWKHOLJKWRIRXUGHWDLOHG
NQRZOHGJHRIOXPLQHVFHQFHSURSHUWLHVRIS\ULG\OWKLD]ROHVZH
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IOXRUHVFHQFH DQGPDVV WDJJLQJPLJKW SURYH EHQHILFLDO LQ
SURWHRPLFVVWXGLHV0DVVWDJVFRQWDLQLQJEURPLQH>@
DQGFKORULQH>@KDYHEHHQUHSRUWHGLQSURWHRPLFVUHODWHG
































































WKHRWKHU UHSRUWHUPROHFXOHV P0VWRFN LQ'062/
P07%7$VROXWLRQP0VWRFNLQ'062WHUWEXWDQRO
YYDQG/P0IUHVKO\SUHSDUHGDVFRUELFDFLGVROX
WLRQ 0 LQZDWHU 6DPSOHVZHUH YRUWH[HG DQG  /
P0FRSSHU,,VXOIDWHVROXWLRQIURPDP0VWRFNVROX
WLRQ LQ ZDWHU ZDV DGGHG 6DPSOHV ZHUH YRUWH[HG DJDLQ












P0 FRSSHU,, VXOIDWH VROXWLRQ P0 LQZDWHUZDV
DGGHG6DPSOHVZHUHYRUWH[HG DJDLQ DQG VWRUHGRQ LFH IRU
KRXU
6'63$*(DQGLQJHOIOXRUHVFHQFHGHWHFWLRQ
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for fluorescence and mass spectrometric detection 
Stefanie Wolfram1, Hendryk Würfel2, Stefanie H. Habenicht2, Christine Lembke1, 
Phillipp Richter1, Eckhard Birckner3, Rainer Beckert2 and Georg Pohnert*1 
 
Address: 1Institute for Inorganic and Analytical Chemistry, Friedrich Schiller 
University, Lessingstr. 8, 07743 Jena, Germany and 2Institute of Organic Chemistry 
and Macromolecular Chemistry, Friedrich Schiller University, Humboldtstr. 10, 07743 
Jena, Germany and 3Institute for Physical Chemistry, Friedrich Schiller University, 
Helmholtzweg 4, 07743 Jena, Germany 
 
Email: Georg Pohnert* - Georg.Pohnert@uni-jena.de 
* Corresponding author 
 
 
Synthetic procedures and characterization data 






All chemicals were purchased as reagent grade or better and used without further 
purification. If necessary reactions were performed under argon. Commercially 
available dry solvents were employed. Diethyl ether and tetrahydrofuran (THF) 
contained butylhydroxytoluene as peroxidation inhibitor. Column chromatography 
was carried out on Merck silica gel (0.04±0.063 mesh). TLC was performed with TLC 
silica gel 60 F254 plates from Merck. TLC spots were visualized by irradiation of the 
TLC plate with UV radiation (254 nm) or by dipping in Seebach reagent (2.5 g 
phosphomolybdic acid and 1 g cer(IV) sulfate dissolved in 65 mL water and slowly 




Starting from pyridine-2-carbothioamide (2) and ethyl 2-bromo-2-(4-bromophenyl) 
acetate (3) the compound was synthesized according to literature [1].  
1H NMR (400 MHz, DMSO-d6): G (ppm) 11.64 (s, 1H, OH), 8.62 (d, 1H, ArH), 8.03-
7.90 (m, 2H, ArH), 7.72 (d, 2H, 3J = 8.6 Hz, ArH), 7.58 (d, 2H, 3J = 8.6 Hz, ArH), 
7.50-7.45 (m, 1H, ArH).  
13C NMR (100 MHz, DMSO-d6): G (ppm) 160.7, 158.9, 149.8, 149.5, 137.4, 131.4, 
131.0, 127.7, 124.7, 118.8, 118.2, 109.0. 
MS (EI): m/z 333.9 [42%] M+2, 331.9 [42%] M, 263.9 [29%], 218.9 [100%], 200.7 
[58%]. 





In a 100 mL Erlenmeyer flask 0.81 g (2.4 mmol) 4, 0.5 g (3.6 mmol) K2CO3 and 
0.3 mL (3.0 mmol) 1-bromo-3-chloropropane were stirred in 20 mL DMF at r.t. for 6 h. 
The mixture was poured in 200 mL of water and extracted with CHCl3 (3 x 50 mL). 
The extracts were combined, washed with saturated K2CO3 solution and water, dried 
over MgSO4 and evaporated in vacuum to obtain a bright yellow solid. The 
compound was recrystallized from heptane/CHCl3 to obtain light yellow crystalls in 
85% yield.  
1H NMR (250 MHz, CDCl3): G (ppm) 8.59 (d, 1H, 4J = 4.6 Hz, ArH), 8.11 (d, 1H, 
3J = 7.9 Hz, ArH), 7.73-7.85 (m, 1H, ArH), 7.62 (d, 2H, 3J = 8.6 Hz, ArH), 7.50 (d, 2H, 
3J = 8.6 Hz, ArH), 7.25-7.35 (m, 1H, ArH), 4.68 (t, 2H, 3J = 6.0 Hz, CH2), 3.75 (t, 2H, 
3J = 6.4 Hz, CH2), 2.32 (quin, 2H, 3J = 6.1 Hz, CH2). 
13C NMR (63 MHz, CDCl3): G (ppm) 160.9, 159.0, 150.9, 149.4, 137.0, 131.8, 130.6, 
128.3, 124.4, 120.5, 119.1, 113.6, 67.1, 41.6, 32.5. 
MS (EI): m/z 409.9 [40%] M+2, 407.9 [28%] M, 333.9 [16%], 331.9 [16%], 263.9 
[30%], 218.9 [100%].  
HRMS: m/z calculated: 407.9699, found: 407.9698. 
 




In a 100 mL round bottom flask 0.84 g (2.1 mmol) 5, 0.27 g (4.1 mmol) NaN3 and 
20 mL dimethyl formamide were stirred for 4 h at 80 °C. The cooled mixture was 
poured into 100 mL of water and extracted with CH2Cl2 (3 x 50 mL). The combined 
extracts were washed with water (100 mL) and dried over MgSO4. The solvent was 
removed in vacuum and the product, bright yellow crystals, was dried with a vacuum 
pump for several hours (83% yield). 
1H NMR (250 MHz, CDCl3): G (ppm) 8.59 (d, 1H, 4J = 4.6 Hz, ArH), 8.10 (d, 1H, 
3J = 7.9 Hz, ArH), 7.73-7.85 (m, 1H, ArH), 7.63 (d, 2H, 3J = 8.6 Hz, ArH), 7.50 (d, 2H, 
3J = 8.6 Hz, ArH), 7.27-7.36 (m, 1H, ArH), 4.62 (t, 2H, 3J = 6.1 Hz, CH2), 3.53 (t, 2H, 
3J = 6.7 Hz, CH2), 2.14 (quin, 2H, 3J = 6.3 Hz, CH2). 
13C NMR (63 MHz, CDCl3): G (ppm) 160.9, 158.9, 150.9, 149.4, 137.0, 131.8, 130.6, 
128.3, 124.4, 120.5, 119.1, 113.6, 67.3, 48.4, 29.0. 
MS (EI): m/z 417.0 [28%] M+2, 415.0 [28%] M, 333.9 [50%], 331.9 [50%], 200.7 
[100%]. 
HRMS m/z calculated: 415.0103, found: 415.0096. 




The substance was synthesized according to Key and Cairo [2]. 
1H NMR (400 MHz, D3COD): G (ppm) 8.43 (d, 1H, 3J = 8.8 Hz, ArH), 6.30 (d, 1H, 
3J = 8.8 Hz, ArH), 3.63 (m, 2H, CH2-NH), 3.51 (t, 2H, 3J = 6.0 Hz, CH2-Br), 2.23 (quin, 
2H, 3J = 7.0 Hz, CH2). 
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13C NMR (100 MHz, D3COD): G (ppm) 146.6, 145.9, 145.5, 138.3, 123.5, 99.9, 43.2, 
32.4, 31.0. 
 
N-(3-Azidopropyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (NBD, 9) 
 
9 was synthesized according to Key and Cairo [2]. 
1H NMR (400 MHz, CDCl3): G (ppm) 8.48 (d, 1H, 3J = 8.4 Hz, ArH), 6.50 (m, 1H, NH), 
6.21 (d, 1H, 3J = 8.8 Hz, ArH), 3.63 (q, 2H, 3J = 6.2 Hz, CH2-NH), 3.58 (t, 2H, 3J = 6.2 
Hz, CH2-N3), 2.07 (quin, 2H, 3J = 6.6 Hz, CH2). 
13C NMR (100 MHz, CDCl3): G (ppm) 144.3, 143.8, 143.6, 136.4, 124.4, 98.7, 49.1, 
41.56, 27.7. 
LC/MS (ESI, positive mode) m/z 264.1 [M+H]+. 
 
N-(3-Azidopropyl)-5-(dimethylamino)naphthalene-1-sulfonamide (DNS, 8) 
 
The synthesis of DNS was conducted with 5-(dimethylamino)naphthalene-1-sulfonyl  
chloride and 3-azidopropan-1-amine adapted from [3] who synthesized N-(2-
azidoethyl)-5-(dimethylamino)naphthalene-1-sulfonamide. The crude product was 
purified by column chromatography using petroleum ether/ethyl acetate (2/1, v/v) and 
dried under reduced pressure resulting in 79% yield. 
1H NMR (400 MHz, CDCl3): G (ppm) 8.55 (d, 1H, 3J = 8.5 Hz, ArH), 8.28 (d, 1H, 
3J = 8.6 Hz, ArH), 8.26 (dd, 1H, 3J = 7.3 Hz, 4J = 1.5 Hz, ArH), 7.51-7.59 (m,  2H, 
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ArH), 7.19 (d, 1H, 3J = 7.3 Hz, ArH), 5.06 (m, 1H, NH), 3.25 (t, 2H, 3J = 6.6 Hz, CH2-
N3), 2.98 (q, 2H, 3J = 6.2 Hz, N-CH2), 2.89 (s, 6H, CH3), 1.64 (quin, 2H, 3J = 6.6 Hz, 
CH2). 
13C NMR (101 MHz, CDCl3): G (ppm) 152.1, 134.3, 130.6, 129.9, 129.7, 129.5, 128.5, 
123.2, 118.5, 115.2, 48.7, 45.4, 40.7, 28.7.  
LC/MS (ESI, positive mode) m/z 334.2 [M+H]+. 
 
6-Bromo-5-(dimethylamino)naphthalene-1-sulfonyl chloride (7) 
 
Starting form 5-dimethylamino-1-naphthalenesulfonyl chloride (dansyl chloride) the 
product was synthesized according to literature [4].  
1H NMR (600 MHz, CDCl3): G (ppm) 8.80 (d, 1H, 3J = 8.3 Hz, ArH), 8.46 (d, 1H, 
3J = 8.8 Hz, ArH), 8.37 (dd, 1H, 3J = 7.2 Hz, 4J = 1.1 Hz, ArH), 7.87 (d, 1H, 
3J = 8.8 Hz, ArH), 7.65 (t, 1H, 3J = 7.7 Hz, ArH), 3.04 (s, 6H, CH3). 
13C NMR (151 MHz, CDCl3): G (ppm) 148.2, 139.9, 136.1, 134.9, 133.6, 129.5, 127.7, 
124.6, 122.5, 122.1, 42.6. 







166 mg (0.48 mmol) 6-Bromo-5-(dimethylamino)naphthalene-1-sulfonyl chloride (7) 
were treated with 70 μl (0.71 mmol) 3-azidopropan-1-amine and 123 μL (0.89 mmol) 
triethylamine in 40 mL CH2Cl2. After stirring over night the solvent was removed 
under reduced pressure. The product was isolated by column chromatography with 
petrol ether/ethyl acetate 2/1, (v/v) and a yellew oil was obtained with 93% yield. 
1H NMR (400 MHz, CDCl3): G (ppm) 8.64 (d, 1H, 3J = 8.5 Hz, ArH), 8.33 (d, 1H, 
3J = 8.8 Hz, ArH), 8.27 (dd, 1H, 3J = 7.3 Hz, 4J = 1.2 Hz, ArH), 7.74 (d, 1H, 
3J = 9.5 Hz, ArH), 7.60 (dd, 1H, 3J = 8.8 Hz, 3J = 7.2 Hz, ArH), 4.89 (t, 1H, 
3J = 6.3 Hz, NH), 3.30 (t, 2H, 3J = 6.5 Hz, CH2-N3), 3.03 (s, 6H, CH3), 3.01 (q, 2H, 
3J = 6.4 Hz, N-CH2), 1.68 (quin, 2H, 3J = 6.4 Hz, CH2). 
13C NMR (100 MHz, CDCl3): G (ppm) 148.1, 135.9, 134.7, 133.8, 131.0, 130.0, 128.4, 
124.9, 122.7, 121.3, 48.8, 42.6, 40.8, 28.8. 
LC/MS (ESI, positive mode) m/z 412.1 [M+H]+. 
 
(2E,4E)-deca-2,4-dien-9-ynal (DDY, 10)  
 
10 was synthesized as described elsewhere [5]. 

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Mass spectra of synthetic compounds 
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Figure 1: 1H NMR spectrum of compound 4. 
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Figure 3: 1H NMR spectrum of compound 5. 
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Figure 5: 1H NMR spectrum of compound 1. 
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Figure 7: 1H NMR spectrum of N-(3-bromopropyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-
amine. 
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Figure 9: 1H NMR spectrum of compound 9. 
 
160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)
 




10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
 
Figure 11: 1H NMR spectrum of compound 8. 
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Figure 13: 1H NMR spectrum of compound 7. 
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Figure 15: 1H NMR spectrum of compound 6. 
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Figure 17: 1H NMR spectrum of compound 10. 
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ƉŽƚĞŶƚŝĂů ŽĨ ĂůŐĂů ĐĞůůƐ ƚŽ ƉƌŽĚƵĐĞ WhƐ ;ƌĞĨĞƌƌĞĚ ĂƐ ƉĂƌƚŝĐƵůĂƚĞ WhƐͿ͕ ĐŽůůĞĐƚĞĚ ĐĞůůƐ ǁĞƌĞ
ĨƌĞĞǌĞͲƚŚĂǁĞĚƌĞƐƵůƚŝŶŐŝŶĂĐĞůůďƵƌƐƚ͘dŚĞĂƉƉůŝĞĚŵĞƚŚŽĚĞŶĂďůĞĚŝŶƐŝƚƵƚƌĂƉƉŝŶŐŽĨWhƐǁŝƚŚ
W& ŚǇĚƌŽǆǇůĂŵŝŶĞ ŝŶ ƚŚĞ ƉŚǇƚŽƉůĂŶŬƚŽŶ ŵĂƚƌŝǆ ǁŝƚŚŽƵƚ ŝŶƚĞƌĨĞƌŝŶŐ ǁŝƚŚ ĞŶǌǇŵĂƚŝĐ ƌĞĂĐƚŝŽŶƐ
΀ϭϱϱ΁͘
ŽŵƉĂƌĞĚƚŽƚŚĞƉƌĞǀŝŽƵƐŝŶƚƌŽĚƵĐĞĚtŝƚƚŝŐͲĚĞƌŝǀĂƚŝǌĂƚŝŽŶŽĨǀŽůĂƚŝůĞWhƐĨŽƌŶƵĐůĞĂƌŵĂŐŶĞƚŝĐ
ƌĞƐŽŶĂŶĐĞ ƐƉĞĐƚƌŽƐĐŽƉǇ ĂŶĚ 'ͲD^ͲďĂƐĞĚ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ ΀ϭϱϲ΁͕ ƚŚĞ W& ŽǆŝŵĞ ĚĞƌŝǀĂƚŝǌĂƚŝŽŶ
ƉƌŽǀŝĚĞƐ Ă ƋƵĂŶƚŝƚĂƚŝǀĞ ŵĞƚŚŽĚ͕ ŝƐ ƐƵŝƚĂďůĞ ĨŽƌ ŚŝŐŚ ƐĂŵƉůĞ ƚŚƌŽƵŐŚƉƵƚ͕ ƌĞƋƵŝƌĞƐ ŽŶůǇ ůŝƚƚůĞ
ĞƋƵŝƉŵĞŶƚŽŶƚŚĞƐĂŵƉůŝŶŐƐŝƚĞ͕ĂŶĚŽĨĨĞƌƐĂƉƉƌŽƉƌŝĂƚĞƐĞŶƐŝƚŝǀŝƚǇĨŽƌĨŝĞůĚĂŶĚŵĞƐŽĐŽƐŵƐƚƵͲ
ĚŝĞƐ΀ϭϱϱ΁;Ğ͘Ő͕͘ϭϬƉŵŽůĨŽƌĂĚŝƐƐŽůǀĞĚWhŝŶϭ>ƐĂŵƉůĞǀŽůƵŵĞ΀Ϯϱ΁Ϳ͘ůƚĞƌŶĂƚŝǀĞ'ͲD^ͲďĂƐĞĚ
ŵĞƚŚŽĚƐ ƚŽ ĚĞƚĞĐƚ WhƐ ĐŽŵƉƌŝƐĞ ĨŽƌ ĞǆĂŵƉůĞ ŚĞĂĚƐƉĂĐĞ ĞǆƚƌĂĐƚŝŽŶ ďǇ ƵƐŝŶŐ Ă ĐůŽƐĞĚͲůŽŽƉ
ƐƚƌŝƉƉŝŶŐ ĚĞǀŝĐĞ ΀Ϯϳ΁ Žƌ ƐŽůŝĚ ƉŚĂƐĞ ŵŝĐƌŽĞǆƚƌĂĐƚŝŽŶ ;^WDͿ ΀ϮϬ΁ ƚŚĂƚ ŶĞĞĚƐ ŶŽ ƐĂŵƉůĞ
ĚĞƌŝǀĂƚŝǌĂƚŝŽŶďƵƚƐƵĨĨĞƌƐĨƌŽŵůŽǁƌĞƉƌŽĚƵĐŝďŝůŝƚǇ΀ϱϬ͕ϭϱϳ΁͘
/ŶDĂŶƵƐĐƌŝƉƚ͕ /ƵƐĞĚĞůĞĐƚƌŽŶŝŵƉĂĐƚŝŽŶŝǌĂƚŝŽŶƚŽŝŽŶŝǌĞĂŶĚĨƌĂŐŵĞŶƚƚŚĞW&ŽǆŝŵĞƐĂĨƚĞƌ
ĐŚƌŽŵĂƚŽŐƌĂƉŚŝĐ ƐĞƉĂƌĂƚŝŽŶ͘ hƚŝůŝǌĂƚŝŽŶ ŽĨ ĐŚĞŵŝĐĂů ŝŽŶŝǌĂƚŝŽŶ ĞůĞĐƚƌŽŶ ĐĂƉƚƵƌĞ ǁŽƵůĚ ĞǀĞŶ
ŝŶĐƌĞĂƐĞƐĞŶƐŝƚŝǀŝƚǇďǇƚǁŽŽƌĚĞƌƐŽĨŵĂŐŶŝƚƵĚĞ΀ϭϱϱ΁͘>ĂƚĞůǇ͕ĂůŝƋƵŝĚĐŚƌŽŵĂƚŽŐƌĂƉŚǇĐŽƵƉůĞĚƚŽ














ŐƌĂǌŝŶŐ ;DĂŶƵƐĐƌŝƉƚ Ϳ͘ dŚŝƐ ŽďƐĞƌǀĂƚŝŽŶ ŵŝŐŚƚ ďĞ ƌĞůĞǀĂŶƚ ĂƐ ǁĞůů ĨŽƌ ŽƚŚĞƌ ĂůůĞůŽĐŚĞŵŝĐĂůƐ͕
ĞƐƉĞĐŝĂůůǇŝŶĚĞŶƐĞĂůŐĂůďůŽŽŵƐ͘

&ŝŐƵƌĞϵ͘ ďƵŶĚĂŶĐĞ ŽĨ ^͘ŵĂƌŝŶŽŝ ĂŶĚ ĐŽůŽŶŝĂů W͘ ƉŽƵĐŚĞƚŝŝ ĐĞůůƐ ĂƐ ǁĞůů ĂƐ ƉĂƌƚŝĐƵůĂƚĞ ;ůĞĨƚͿ ĂŶĚ ĚŝƐƐŽůǀĞĚ Wh ĐŽŶĐĞŶͲ

























΀ϲϵ΁ ŝŶ ϮϬϬϴ͕ ǁŚŽ ĚĞŵŽŶƐƚƌĂƚĞĚ ƚŚĂƚ ůĂď ĐƵůƚƵƌĞƐ ŽĨ ^͘ ŵĂƌŝŶŽŝ ĞǆƵĚĂƚĞ WhƐ ŝŶ ƚŚĞ ůĂƚĞ
ƐƚĂƚŝŽŶĂƌǇ ƉŚĂƐĞ͕ ĂŶĚ ůĂƚĞƌ ĂůƐŽ ƚƌĂŶƐĨĞƌƌĞĚ ƚŚĞƐĞ ƌĞƐƵůƚƐ ƚŽ ŵĞƐŽĐŽƐŵ ĂŶĚ ĨŝĞůĚ ƐƚƵĚŝĞƐ
΀Ϯϱ͕ϳϬ͕ϭϰϲ͕ϭϲϭ΁͘WhŽĐĐƵƌƌĞŶĐĞ ŝŶ ƚŚĞƐĞĂǁĂƚĞƌ ĐĂŶƌĞƐƵůƚ ĨƌŽŵĂŶĂĐƚŝǀĞ ƌĞůĞĂƐĞƉƌŽĐĞƐƐŽƌ
ĨƌŽŵůŝďĞƌĂƚŝŽŶƵƉŽŶĐĞůůůǇƐŝƐ΀ϲϵ͕ϭϰϲ΁͘DĂǆŝŵƵŵĚŝƐƐŽůǀĞĚǀĂůƵĞƐŽĨ,ĂŶĚKĞĂĐŚŽĨĂƉƉƌŽǆͲ
ŝŵĂƚĞůǇϬ͘ϭϮŶDǁĞƌĞĚĞƚĞĐƚĞĚĚƵƌŝŶŐĂ^͘ŵĂƌŝŶŽŝ ďůŽŽŵ ŝŶ ƚŚĞĚƌŝĂƚŝĐ ^ĞĂ ΀Ϯϱ΁͘ƵƌŝŶŐ ƚŚĞ





ĚĂƚĂ ĚĞŵŽŶƐƚƌĂƚĞ ƚŚĞ ǀĂƌŝĂďŝůŝƚǇ ŽĨ WhƐ ;DĂŶƵƐĐƌŝƉƚ ͕ ΀ϳϬ΁Ϳ ĂŶĚ ƐƵƉƉŽƌƚ ƚŚĞŝƌ ƉƌĞƐƵŵĞĚ
ĞĐŽůŽŐŝĐĂůƌŽůĞƐŝŶŝŶƚƌĂͲƉŽƉƵůĂƚŝŽŶƐŝŐŶĂůŝŶŐĂŶĚŝŶƚĞƌƐƉĞĐŝĞƐŝŶƚĞƌĂĐƚŝŽŶƐƐŝŶĐĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐŽĨ






΀ϲϬ͕ϳϲ΁ ĐŽƵůĚŶŽƚďĞ ĐŽŶĨŝƌŵĞĚ ŝŶ ĂƉƌĞǀŝŽƵƐŵĞƐŽĐŽƐŵ ƐƚƵĚǇ ΀ϭϲϭ΁͘,ŽǁĞǀĞƌ͕ ĂŵƵĐŚŚŝŐŚĞƌ
Wh ůŝďĞƌĂƚŝŽŶ ;ŵŝĐƌŽŵŽůĂƌ ƌĂŶŐĞͿ ďǇ ƐŝŶŬŝŶŐ ƉĂƌƚŝĐůĞƐ ĂƐ ƚŚĞǇ ĂƉƉĞĂƌ ĚƵƌŝŶŐ ĚĞĐĂǇŝŶŐ ĚŝĂƚŽŵ
ďůŽŽŵƐ ĞǀĞŶ ƐƚŝŵƵůĂƚĞĚ ďĂĐƚĞƌŝĂů ŐƌŽǁƚŚ ŝŶ Ă ƐƚƵĚǇ ĂŶĚ ĐŽŶƚƌŝďƵƚĞĚ ƚŽ ƚŚĞ ďĂĐƚĞƌŝĂů ŝŶŝƚŝĂƚĞĚ
ƌĞŵŝŶĞƌĂůŝǌĂƚŝŽŶŽĨƉĂƌƚŝĐůĞƐǁŝƚŚƉŽƚĞŶƚŝĂůŝŵƉůŝĐĂƚŝŽŶƐĨŽƌƚŚĞŐůŽďĂůĐĂƌďŽŶĐǇĐůĞ΀ϭϲϮ΁͘
/ŶĐŽŶƚƌĂƐƚƚŽƌĞůĞĂƐĞŽĨŽǆǇůŝƉŝŶƐďǇŝŶƚĂĐƚĂůŐĂĞŽƌƐŝŶŬŝŶŐƉĂƌƚŝĐůĞƐ͕ƉĂƌƚŝĐƵůĂƚĞWhƉƌŽĚƵĐƚŝŽŶ
ĂĨƚĞƌ ĐĞůů ĚŝƐƌƵƉƚŝŽŶ ĂƐ ŝƚ ŽĐĐƵƌƐ ĚƵƌŝŶŐ ŐƌĂǌŝŶŐ ŝƐ ǁĞůů ƐƚƵĚŝĞĚ ĂŶĚ ůĞĂĚƐ ƚŽ ŚŝŐŚ ůŽĐĂů Wh
ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ;Ğ͘Ő͕͘ĂƉƉƌŽǆŝŵĂƚĞůǇϮϴŶD,ƉůƵƐK;ϯϱĨŵŽůĐĞůůͲϭŽĨ^͘ŵĂƌŝŶŽŝͿŝŶƚŚĞĚƌŝĂƚŝĐ





/ŶƚĞƌĞƐƚŝŶŐůǇ͕ ƚŚĞ ƌĂƚŝŽŽĨ, ƚŽKǁĂƐŶŽƚ ůĂƌŐĞƌ ƚŚĂŶ ĨŽƵƌ ŝŶƉĂƌƚŝĐƵůĂƚĞ ĂŶĚĚŝƐƐŽůǀĞĚWh
ƋƵĂŶƚŝĨŝĐĂƚŝŽŶ ;&ŝŐƵƌĞϵͿ ĂŶĚ ƚŚƵƐ ĨŝƚƐ ƚŽ ůĂďŽƌĂƚŽƌǇĞǆƉĞƌŝŵĞŶƚƐǁŝƚŚ^͘ŵĂƌŝŶŽŝŵŽŶŽĐƵůƚƵƌĞƐ






ƉƌĞƐĞŶĐĞ ŽĨ ŽƚŚĞƌ ĂůŐĂĞ ŝŶ ďŽƚŚ ŵĞƐŽĐŽƐŵ ĞǆƉĞƌŝŵĞŶƚƐ͘ dŚŝƐ ƉŽƚĞŶƚŝĂůůǇ ƉŽŝŶƚƐ ƚŽǁĂƌĚƐ Ă
ƌĞŐƵůĂƚŝŽŶŽĨƚŚĞWhƌĂƚŝŽ͕ŵĂǇďĞĂƐƌĞƐƉŽŶƐĞƚŽƉƌŽĚƵĐĞĚďǇW͘ƉŽƵĐŚĞƚŝŝ͘ŶĂůůĞůŽƉĂƚŚŝĐ
ĞĨĨĞĐƚ ŽĨ  ŽŶ ^͘ ĐŽƐƚĂƚƵŵ ΀Ϯϴ΁ ƚŚĂƚŵŝŐŚƚ ĂůƐŽ ĂĨĨĞĐƚ ƚŚĞ Wh ƉƌŽĚƵĐƚŝŽŶ ƌĂƚŝŽ ǁĂƐ ƐŚŽǁŶ
ďĞĨŽƌĞŝŶůĂďŽƌĂƚŽƌǇƐƚƵĚŝĞƐ͘KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ĞĨĨĞĐƚƐŽĨŶƵƚƌŝĞŶƚůŝŵŝƚĂƚŝŽŶ΀ϭϲϯ΁ĂŶĚĂŵŽƌĞ
ĐŽŵƉůĞǆ ŝŶƚĞƌĂĐƚŝŽŶ ďĂƐĞĚ ŽŶ ĚŝǀĞƌƐĞ ĞǆƵĚĂƚĞĚ ŵĞƚĂďŽůŝƚĞƐ ŽĨ ŽƚŚĞƌ ƉůĂŶŬƚŽŶ ƚŚĂƚ ĐĂƵƐĞ Ă
ƉŚǇƐŝŽůŽŐŝĐĂů ƌĞƐƉŽŶƐĞ ŝŶ ƚŚĞ ƌĞĐĞŝǀŝŶŐĂůŐĂ͕ĚĞŵŽŶƐƚƌĂƚĞĚ ĨŽƌĞǆĂŵƉůĞĚƵƌŝŶŐŶŽŶͲĐŽŶƚĂĐƚ ĐŽͲ
ĐƵůƚƵƌŝŶŐŽĨ^͘ĐŽƐƚĂƚƵŵĂŶĚdŚĂůĂƐƐŝŽƐŝƌĂƌŽƚƵůĂ΀ϭϲϰ΁͕ĂƌĞƉŽƐƐŝďůĞĐĂƵƐĞƐ͘
 3UREHGHVLJQDQGXSWDNHRI D38$GHULYHGSUREHLQSODQNWRQLFRUJDQLVPV
dŚĞ ďŝŽůŽŐŝĐĂů ĞĨĨĞĐƚƐ ŽĨ WhƐ ŚĂǀĞ ďĞĞŶ ĚŽĐƵŵĞŶƚĞĚ ďǇ ƐŝŵƉůĞ ďƵƚ ŽĨƚĞŶ ƚŝŵĞͲĐŽŶƐƵŵŝŶŐ
ŵĞĂƐƵƌĞŵĞŶƚƐ ůŝŬĞ ĐĞůů ĐŽƵŶƚƐ͕ŽďƐĞƌǀĂƚŝŽŶŽĨ ĐŽƉĞƉŽĚĞŐŐƉƌŽĚƵĐƚŝŽŶ͕ŽƌŵŝĐƌŽƐĐŽƉŝĐ ŝŶƐƉĞĐͲ
ƚŝŽŶŽĨŵŽƌƉŚŽůŽŐǇ͘KǀĞƌƚŝŵĞ͕ĂƐĞƌŝĞƐŽĨŵĞƚŚŽĚŽůŽŐŝĐĂůĂĚǀĂŶĐĞŵĞŶƚƐŚĂǀĞĐŽŶƚƌŝďƵƚĞĚƚŽĂ
ĨŝƌƐƚƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨƚŚĞŵŽĚĞŽĨĂĐƚŝŽŶŽĨƚŚĞƐĞŵĞƚĂďŽůŝƚĞƐ΀ϱϲ͕ϵϰ͕ϵϱ΁;ƐĞĞĐŚĂƉƚĞƌϭ͘Ϯ͘ϯͿĂŶĚ
ƚŚĞŝƌďŝŽƐǇŶƚŚĞƐŝƐ ΀ϭϵ΁ ;ƐĞĞĐŚĂƉƚĞƌϭ͘Ϯ͘ϭͿ͘ƵƌƌĞŶƚ ĨůƵŽƌĞƐĐĞŶĐĞͲďĂƐĞĚƚĞĐŚŶŝƋƵĞƐ ůŝŬĞƚĞƌŵŝŶĂů
ĚĞŽǆǇŶƵĐůĞŽƚŝĚǇů ƚƌĂŶƐĨĞƌĂƐĞͲŵĞĚŝĂƚĞĚ ĚĞŽǆǇƵƌŝĚŝŶĞ ƚƌŝƉŚŽƐƉŚĂƚĞ ŶŝĐŬͲĞŶĚ ůĂďĞůŝŶŐ ;dhE>Ϳ
΀ϱϲ͕ϵϱ΁ ĂŶĚE ůĂďĞůŝŶŐǁŝƚŚďƌŽŵŽĚĞŽǆǇƵƌŝĚŝŶĞ ;ƌĚhͿ ĨŽůůŽǁĞĚďǇ ŝŶĐƵďĂƚŝŽŶǁŝƚŚ ĨůƵŽƌĞƐͲ
ĐĞŶƚƌĚhĂŶƚŝďŽĚŝĞƐ΀ϵϰ΁ŝŶĚŝĐĂƚĞĚWhͲŝŶĚƵĐĞĚĂƉŽƉƚŽƐŝƐŝŶƐĞĂƵƌĐŚŝŶĂŶĚĐŽƉĞƉŽĚĞŵďƌǇŽƐ͘




ƉƌŽďĞƐ ĂŶĚ ĨůƵŽƌĞƐĐĞŶĐĞŵŝĐƌŽƐĐŽƉǇ ;DĂŶƵƐĐƌŝƉƚ  ĂŶĚDĂŶƵƐĐƌŝƉƚͿ͘ dŚĞ ĚĞŵĂŶĚ ƚŽ ĂƉƉůǇ
ƚĂŝůŽƌĞĚŵĞƚŚŽĚƐǁĂƐĂůƌĞĂĚǇĚŝƐĐƵƐƐĞĚŝŶϮϬϬϮĚƵƌŝŶŐĂĐŽůůŽƋƵŝƵŵŽĨϯϳƐĐŝĞŶƚŝƐƚƐƚŚĂƚĂŝŵĞĚ
ƚŽǁĂƌĚƐĂĐŽŵƉƌĞŚĞŶƐŝǀĞƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨƚŚĞĚŝĂƚŽŵͲĐŽƉĞƉŽĚŝŶƚĞƌĂĐƚŝŽŶ͗͞ŵĂũŽƌƚĂƐŬŝŶƚŚĞ




ƚŝŽŶĂů ĐŚĂŶŐĞƐ ŝŶĐĞůůƐĂŶĚŽƌŐĂŶŝƐŵƐ͘ /ĂůƐŽĐŚŽƐĞĂ ĨůƵŽƌĞƐĐĞŶĐĞͲďĂƐĞĚĂƉƉƌŽĂĐŚĂŶĚĂŵŽůĞͲ
ĐƵůĂƌ ƉƌŽďĞ ĚĞƐŝŐŶĞĚ ĂĐĐŽƌĚŝŶŐ ƚŽ ĂĐƚŝǀŝƚǇͲďĂƐĞĚ ƉƌŽƚĞŝŶ ƉƌŽĨŝůŝŶŐ ;WWͿ͘ dŚŝƐ ƚĞĐŚŶŝƋƵĞ ƵƐĞƐ







dŚĞ WhͲĚĞƌŝǀĞĚ ƉƌŽďĞ ŝƐ ďĂƐĞĚ ŽŶ ͕ǁŚŝĐŚ ŝƐ ƚŚĞ ďĞƐƚ ƐƚƵĚŝĞĚŵĞƚĂďŽůŝƚĞ ŽĨ ƚŚĞ ŐƌŽƵƉŽĨ
WhƐǁŝƚŚĂǀĂŝůĂďůĞĚĂƚĂ ĨŽƌƐƚƌƵĐƚƵƌĞͲĂĐƚŝǀŝƚǇ ƌĞůĂƚŝŽŶƐŚŝƉ ΀ϱϭ΁͘ŚĂƐďĞĐŽŵĞĂŵŽĚĞůĂůĚĞͲ
ŚǇĚĞ ĨŽƌƐƚƵĚǇŝŶŐƚŚĞĞĨĨĞĐƚƐŽĨŽǆǇůŝƉŝŶƐŽŶŵĂƌŝŶĞƉůĂŶŬƚŽŶ ΀ϭϲϳ΁͘dŚĞƐǇŶƚŚĞƚŝĐϭϬɲ͕ɴ͕ɶ͕ɷͲ
ƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞ Ϯ͕ϰͲĚĞĐĂĚŝĞŶͲϵͲǇŶĂů ;z͕ &ŝŐƵƌĞ ϭϬͿ ĨƵŶĐƚŝŽŶƐ ĂƐ ƌĞĂĐƚŝǀĞ ŐƌŽƵƉ ;Z'Ϳ
ĂŶĚ ŝƐ ůŝŶŬĞĚ Ăƚ ƚŚĞ ƚĞƌŵŝŶƵƐ ǁŝƚŚ ƚŚĞ ǁĞůůͲĞƐƚĂďůŝƐŚĞĚ͕ ĐĞůů ƉĞƌŵĞĂďůĞ͕ ĂŶĚ ĐŽŵŵĞƌĐŝĂůůǇ
ĂǀĂŝůĂďůĞ ĨůƵŽƌŽƉŚŽƌĞ ƚĞƚƌĂŵĞƚŚǇůƌŚŽĚĂŵŝŶĞ ;dDZͿ ΀ϭϲϴ͕ϭϲϵ΁ ĂƐ ƌĞƉŽƌƚĞƌŵŽůĞĐƵůĞ ƚŽ ĨŽƌŵ
ƚŚĞ W dDZͲWh ;&ŝŐƵƌĞ ϭϬͿ͘ dŚŝƐ ƐƚƌƵĐƚƵƌĂů ŵĂŶŝƉƵůĂƚŝŽŶ ŽĨ ƚŚĞ ĂůŬǇů ƐŝĚĞ ĐŚĂŝŶ ŽĨ 
ǁŝƚŚŽƵƚŝŶƚĞƌĨĞƌŝŶŐǁŝƚŚƚŚĞĂĐƚŝǀĞɲ͕ɴ͕ɶ͕ɷͲƵŶƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐƚƌƵĐƚƵƌĂůĞůĞŵĞŶƚǁĂƐũƵƐƚŝĨŝĞĚ
ďǇƚŚĞĨĂĐƚƚŚĂƚ ƚŚĞďŝŽĂĐƚŝǀŝƚǇŽĨWhƐŽŶůǇƉĂƌƚŝĂůůǇĚĞƉĞŶĚƐŽŶƚŚĞƉŽůĂƌŝƚǇŽĨƚŚĞƐŝĚĞĐŚĂŝŶ
ĂŶĚ ŝƐ ĞǀĞŶƉƌĞƐĞŶƚ ŝŶɲ͕ɴͲƵŶƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐ͕ǁŚĞƌĞĂƐ ƐĂƚƵƌĂƚĞĚ ĐŽƵŶƚĞƌƉĂƌƚƐ ĂƌĞ ĂůŵŽƐƚ
ďŝŽůŽŐŝĐĂůůǇŝŶĂĐƚŝǀĞ΀ϱϭ͕ϲϬ΁͘
dŽĐŽŵƉĂƌĞƵƉƚĂŬĞďĞŚĂǀŝŽƌŽĨƵŶƐĂƚƵƌĂƚĞĚĂŶĚƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐ/ĐŽƵƉůĞĚϱͲŚĞǆǇŶĂů;^ͿƚŽ
dDZͲEϯĂŶĚ ƌĞĐĞŝǀĞĚdDZͲ^ ;&ŝŐƵƌĞϭϬͿ͘ƐĂŶĂĚĚŝƚŝŽŶĂů ĐŽŶƚƌŽů͕ ƚŚĞ ĨůƵŽƌĞƐĐĞŶƚĂǌŝĚĞ
dDZͲEϯ;&ŝŐƵƌĞϭϬͿǁĂƐƵƐĞĚ͘

&ŝŐƵƌĞϭϬ͘ KǀĞƌǀŝĞǁ ŽĨ ƚŚĞ ƉƌŽďĞ ĐŽŵƉŽŶĞŶƚƐ͕ ƚŚĞ ƉƌŽďĞ dDZͲWh͕ ĂŶĚ ƚŚĞ ĐŽŶƚƌŽů dDZͲ^͘ dŚĞ ƐǇŶƚŚĞƐŝƐ ŽĨ
dDZͲEϯ͕z͕ ĂŶĚdDZͲWhǁĞƌĞ ŝŶƚƌŽĚƵĐĞĚ ŝŶŵǇĚŝƉůŽŵĂ ƚŚĞƐŝƐ ΀ϭϰϳ΁ ĂŶĚĂƌĞƉƌĞƐĞŶƚĞĚ ŝŶDĂŶƵƐĐƌŝƉƚ
ǁŝƚŚƐůŝŐŚƚŵŽĚŝĨŝĐĂƚŝŽŶƐ͘
WŚĂĞŽĚĂĐƚǇůƵŵ ƚƌŝĐŽƌŶƵƚƵŵ ŚĂƐ ďĞĐŽŵĞ Ă ĐĞŶƚƌĂůŵŽĚĞů ĨŽƌŵŽůĞĐƵůĂƌ ĂŶĚ ĐĞůůƵůĂƌ ƐƚƵĚŝĞƐ ŽĨ
ĚŝĂƚŽŵ ďŝŽůŽŐǇ ΀ϭϳϬ΁͘ /ƚ ƌĞůĞĂƐĞƐ ƉŽůĂƌ ŽǆŽͲĂĐŝĚƐ ΀Ϯϯ΁ ƚŚĂƚ ĂůƐŽ ďĞĂƌ ƚŚĞ ɲ͕ɴ͕ɶ͕ɷͲƵŶƐĂƚƵƌĂƚĞĚ




ƚ Ă ůŽǁĞƌ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ ϭϬђD͕  ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ W͘ ƚƌŝĐŽƌŶƵƚƵŵ ΀ϳϭ΁ ďƵƚ ĚŝĨĨĞƌĞŶƚ ŽƚŚĞƌ
ĂůŐĂĞ΀ϳϱ΁ƌĞŐĂƌĚŝŶŐĐĞůůŵĞŵďƌĂŶĞƉĞƌŵĞĂďŝůŝƚǇŽĨƚŚĞĚǇĞ^zdKy'ƌĞĞŶ͘
ƚƚŚŝƐĐŽŶĐĞŶƚƌĂƚŝŽŶǁĞƐŚŽǁĞĚĨŽƌƚŚĞĨŝƌƐƚƚŝŵĞĂŶƵƉƚĂŬĞĂŶĚĂĐĐƵŵƵůĂƚŝŽŶŽĨĂĚĞƌŝǀĂƚŝǀĞ
;dDZͲWhͿ ŝŶ ĂůŐĂů ĐĞůůƐ ŽĨ W͘ ƚƌŝĐŽƌŶƵƚƵŵ ;DĂŶƵƐĐƌŝƉƚ Ϳ͘ dDZͲWh ĚŝƐƚƌŝďƵƚĞĚ ŽǀĞƌ

















ƉŽƌƚĞƌƐ ŝŶ ƚŚĞ ƐĂŵĞ ĂůŐĂ ΀ϭϳϰ΁͕ ĐĂŶŶŽƚ ďĞ ĚĞĚƵĐĞĚ ĨƌŽŵ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů ĨŝŶĚŝŶŐƐ͘ ĞƐŝĚĞƐ
ƚƌĂŶƐƉŽƌƚĞƌƐ͕ŽƚŚĞƌŵĞĐŚĂŶŝƐŵƐůŝŬĞƉĂƐƐŝǀĞĚŝĨĨƵƐŝŽŶ͕ǀĞƐŝĐůĞͲŵĞĚŝĂƚĞĚƚƌĂŶƐƉŽƌƚ͕ŽƌŵĞƚĂďŽůŝǌĂͲ
ƚŝŽŶƚŚĂƚĞŶĂďůĞƐƵďƐƚĂŶĐĞƐƚŽĐƌŽƐƐƚŚĞŵĞŵďƌĂŶĞĂƌĞŬŶŽǁŶ΀ϭϳϯ΁͘
KƵƌƌĞƐƵůƚƐǀŝƐƵĂůŝǌĞĨŽƌƚŚĞĨŝƌƐƚƚŝŵĞ ƚŚĂƚWhĂŶĂůŽŐƐĂƌĞƚĂŬĞŶƵƉ ŝŶĐĞůůƐ ;DĂŶƵƐĐƌŝƉƚͿ ƚŽ
ĞǆĞƌƚƚŚĞŝƌĂĐƚŝǀŝƚǇŝŶŵĂƌŝŶĞƉůĂŶŬƚŽŶ͘dŚŝƐŝƐĂůƐŽĐŽŶƐŝƐƚĞŶƚǁŝƚŚƉƌĞǀŝŽƵƐĨŝŶĚŝŶŐƐďǇĚŽůƉŚĞƚ
Ăů͘ ΀ϲϬ΁͕ ǁŚŽ ŐĂǀĞ ĞǀŝĚĞŶĐĞ ƚŚĂƚ ƉĞŶĞƚƌĂƚŝŽŶ ƚŚƌŽƵŐŚŵĞŵďƌĂŶĞƐ ŝƐ Ă ƉƌĞƌĞƋƵŝƐŝƚĞ ĨŽƌ WhƐ͛
ďŝŽĂĐƚŝǀŝƚǇ͘ dŚĞǇ ĐŽŶĚƵĐƚĞĚ Ă ĐůĂƌŝĨǇŝŶŐ ĞǆƉĞƌŝŵĞŶƚ ŽŶ  ƵƉƚĂŬĞ ŝŶ ƚŚĞ ǇĞĂƐƚ ^ĂĐĐŚĂƌŽŵǇĐĞƐ




ĂŶĚ ůĂďŽƌĂƚŽƌǇ ƐƚƵĚŝĞƐ ŝŶĐůƵĚĞ ƌĞĚƵĐĞĚ ĨĞƌƚŝůŝƚǇ ĂŶĚ ĞŐŐ ŚĂƚĐŚŝŶŐ ƐƵĐĐĞƐƐ ĂƐǁĞůů ĂŶ ŝŵƉĂŝƌĞĚ
ĚĞǀĞůŽƉŵĞŶƚĂŶĚŵĂůĨŽƌŵĂƚŝŽŶƐŽĨƚŚĞŽĨĨƐƉƌŝŶŐ;ƌĞǀŝĞǁĞĚŝŶ΀Ϯϭ͕ϰϯ͕ϱϱ΁Ϳ͘sŝƐƵĂůŝǌĂƚŝŽŶŽĨƵƉƚĂŬĞ
ĂŶĚ ĚŝƐƚƌŝďƵƚŝŽŶ ŽĨ WhƐ ŝŶ ĐŽƉĞƉŽĚƐ ŝƐ ĐĞŶƚƌĂů ĨŽƌ ƵŶƌĂǀĞůŝŶŐ ƚŚĞ ŝŶƐŝĚŝŽƵƐ ĞĨĨĞĐƚƐ ŽĨ ƚŚĞƐĞ
ŽǆǇůŝƉŝŶƐ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ĚĞƐŝŐŶ ŽĨ ƵƉƚĂŬĞ ƐƚƵĚŝĞƐ ŶĞĞĚƐ ƚŽ ďĞ ŵŽƌĞ ƐŽƉŚŝƐƚŝĐĂƚĞĚ ƚŚĂŶ ǁŝƚŚ
ƐŝŶŐůĞͲĐĞůůĞĚĂůŐĂĞŵĂŝŶůǇĚƵĞ ƚŽ ƚŚĞ ƌĞƐƚƌŝĐƚĞĚ ƚƌĂŶƐĨĞƌŽĨĚǇĞƐ ƚŚƌŽƵŐŚƚŚĞĐŚŝƚŝŶŽƵƐĞǆŽƐŬĞůͲ
ĞƚŽŶ΀ϭϳϱ΁ĂŶĚŶĞĞĚƐĐŽŶƐŝĚĞƌĂƚŝŽŶŽĨƚŚĞĨŽůůŽǁŝŶŐĂƐƉĞĐƚ͗WhƉƌŽĚƵĐƚŝŽŶƐƚĂƌƚƐƐĞĐŽŶĚƐĂĨƚĞƌ
ǁŽƵŶĚŝŶŐ ŽĨ ĚŝĂƚŽŵƐ ŝŶ ƚŚĞ ĨĞĞĚŝŶŐ ŽƌŐĂŶƐ ŽĨ ƚŚĞ ƉƌĞĚĂƚŽƌƐ ΀ϮϬ͕ϰϰ΁͖ ƚŽ ŵŝŵŝĐ ƚŚŝƐ ŶĂƚƵƌĂů
ĨĞĞĚŝŶŐ͕ ĚĞůŝǀĞƌǇ ŽĨ WhƐ ŶĞĞĚƐ ƚŽ ďĞ ŝŶǀŽůǀĞĚ ŝŶ ĂŶ ĂĐƚŝǀĞ ĨĞĞĚŝŶŐ ƉƌŽĐĞƐƐ ŽĨ ƚŚĞ ĐŽƉĞƉŽĚ͘
ĞĐĂƵƐĞ ŽĨ ƚŚĞƐĞ ĐŚĂůůĞŶŐĞƐ ŽŶůǇ Ă ĨĞǁ ƐƚƵĚŝĞƐ ŚĂǀĞ ĂĚĚƌĞƐƐĞĚ ĚŝƌĞĐƚ ĞĨĨĞĐƚƐ ŽĨ WhƐ ŽŶ
ĐŽƉĞƉŽĚƐ͘ƵƚƚŝŶŽĞƚĂů͘΀ϱϵ΁ĚĞǀĞůŽƉĞĚĂĨĞĞĚŝŶŐƉƌŽƚŽĐŽůǁŝƚŚŐŝĂŶƚůŝƉŽƐŽŵĞƐ͕ǁŚŝĐŚƚŚĞǇƵƐĞĚ






KŶ ƚŚĞ ďĂƐŝƐ ŽĨ ƚŚŝƐ ůĞƚŚĂů ĐŽŶĐĞŶƚƌĂƚŝŽŶ ĂŶĚ ĨĞĞĚŝŶŐ ƉƌŽĐĞĚƵƌĞ͕ ǁĞ ŝŶƚƌŽĚƵĐĞĚ Ă ĨĞĞĚŝŶŐ
ƉƌŽƚŽĐŽůĨŽƌĐŽƉĞƉŽĚƐƚŽǀŝƐƵĂůŝǌĞƵƉƚĂŬĞĂŶĚĚŝƐƚƌŝďƵƚŝŽŶŽĨƉƌŽďĞƐ;DĂŶƵƐĐƌŝƉƚͿ͘/ƚŝŶĐůƵĚĞƐ
ƚŚĞ ĐĂƌƌŝĞƌ ŽƌŐĂŶŝƐŵ KǆǇƌƌŚŝƐ ŵĂƌŝŶĂ ƚŚĂƚ ĚĞůŝǀĞƌƐ ƚŚĞ WhͲĚĞƌŝǀĞĚ ƉƌŽďĞ dDZͲWh ĂŶĚ








dDZ ďƵƚ ŶŽƚ E/Z ĨůƵŽƌĞƐĐĞŶĐĞ ĚĞƚĞĐƚŝŽŶ͘ hŶĨŽƌƚƵŶĂƚĞůǇ͕ ĂƵƚŽĨůƵŽƌĞƐĐĞŶĐĞ ŽĨ W͘ ŵŝŶŝŵƵŵ͕
ǁŚŝĐŚǁĂƐŝŶŝƚŝĂůůǇĐŚŽƐĞŶĂƐĐĂƌƌŝĞƌŽƌŐĂŶŝƐŵĨŽƌƚŚĞͲĚĞƌŝǀĞĚƉƌŽďĞĂĨƚĞƌ /ĂŶŽƌĂĞƚĂů͘΀ϱϲ΁͕
ƐƚƌŽŶŐůǇ ŽǀĞƌůĂƉƉĞĚ ǁŝƚŚ dDZ ĨůƵŽƌĞƐĐĞŶĐĞ ;DĂŶƵƐĐƌŝƉƚ Ϳ͘ dŚĞƌĞĨŽƌĞ ǁĞ ƌĞƉůĂĐĞĚ W͘






hŶƐƉĞĐŝĨŝĐ ĨůƵŽƌĞƐĐĞŶĐĞŽĨ ƚŚĞĞǆŽƐŬĞůĞƚŽŶŽĨĐŽƉĞƉŽĚƐĐĂŶŽĐĐƵƌĚƵƌŝŶŐ ĨůƵŽƌĞƐĐĞŶĐĞƐƚĂŝŶŝŶŐ
;Ğ͘Ő͕͘ ǁŝƚŚ dhE> ΀ϱϵ΁Ϳ͘tŝƚŚŝŶDĂŶƵƐĐƌŝƉƚ  ǁĞ ŝŶƚƌŽĚƵĐĞ ĂŵĞƚŚŽĚ ĚĞǀĞůŽƉŵĞŶƚ ƚŽ ƌĞĚƵĐĞ
ƵŶƐƉĞĐŝĨŝĐĨůƵŽƌĞƐĐĞŶĐĞŽĨdDZ;ŵŽŶŝƚŽƌĞĚďǇdDZͲEϯͿŽŶƚŚĞƐƵƌĨĂĐĞĂŶĚŝŶƚŚĞĚŝŐĞƐƚŝǀĞ
ƚƌĂĐƚ ŽĨ ƚŚĞ ĐŽƉĞƉŽĚƐ͕ ǁŚŝĐŚ ǁĞ ŽǀĞƌĐĂŵĞ ďǇ ƐƚĂƌǀĂƚŝŽŶ ĂĐĐŽŵƉĂŶŝĞĚ ǁŝƚŚ ĚĞĨĞĐĂƚŝŽŶ ĂŶĚ
ǁĂƐŚŝŶŐŽĨƚŚĞĐŽƉĞƉŽĚƐďĞĨŽƌĞĨůƵŽƌĞƐĐĞŶĐĞŵŝĐƌŽƐĐŽƉǇ͘
KƉƚŝŵŝǌĂƚŝŽŶ ŽĨ ƚŚĞ ĨŽŽĚ ĐĂƌďŽŶ ĐŽŶƚĞŶƚ ĂƐ ǁĞůů ĂƐ ĨĞĞĚŝŶŐ ĂŶĚ ƐƚĂƌǀĂƚŝŽŶ ƚŝŵĞƐ ŽĨĨĞƌĞĚ ƚŚĞ
ƉŽƐƐŝďŝůŝƚǇ ƚŽ ŽďƐĞƌǀĞ ƉƌŽďĞ ĂĐĐƵŵƵůĂƚŝŽŶ ŝŶ ƚŚĞ ĐŽƉĞƉŽĚ ƚŝƐƐƵĞ͗ dDZͲWh ƐĞůĞĐƚŝǀĞůǇ ĞŶͲ
ƌŝĐŚĞĚ ŝŶ ƚŚĞ ŐŽŶĂĚƐ ŽĨ Ă ĨĞŵĂůĞ ͘ ƚŽŶƐĂ ;DĂŶƵƐĐƌŝƉƚ Ϳ͘ WƌĞǀŝŽƵƐůǇ͕ WŽƵůĞƚ Ğƚ Ăů͘ ΀ϲϰ͕ϭϳϵ΁
ƐŚŽǁĞĚƚŚĂƚŝŶŚŝďŝƚŽƌǇĐŽŵƉŽƵŶĚƐŽĨĚŝĂƚŽŵƐĐĂƵƐĞĚĐĞůůĨƌĂŐŵĞŶƚĂƚŝŽŶ͕ĨŽƌŵĂƚŝŽŶŽĨĂƉŽƉƚŽƚŝĐ
ďŽĚŝĞƐ͕ ĂŶĚĚĞŐƌĂĚĂƚŝŽŶŽĨ ĐǇƚŽƉůĂƐŵƉƌŽďĂďůǇďǇĂĐĐƵŵƵůĂƚŝŽŶ ŝŶŽŽĐǇƚĞƐ ĂŶĚŐŽŶĂĚƐŽĨ ƚŚĞ
ĐŽƉĞƉŽĚ ͘ ŚĞůŐŽůĂŶĚŝĐƵƐ͘ dŚŝƐ ĂĐĐƵŵƵůĂƚŝŽŶ ŵŝŐŚƚ ďĞ ƉŽƐƐŝďůĞ ďǇ ĚŝĨĨƵƐŝŽŶ ŽĨ ŵĞƚĂďŽůŝƚĞƐ
ďĞƚǁĞĞŶ ƚŚĞ ŐƵƚ ĞƉŝƚŚĞůŝƵŵ ĂŶĚ ƚŚĞ ĐůŽƐĞůǇ ůŽĐĂƚĞĚ ŽǀĂƌǇ ΀ϱϱ΁͘ ůƐŽ ĐŽƉĞƉŽĚ ĨĞŵĂůĞƐ ŽĨ ͘
ŚĞůŐŽůĂŶĚŝĐƵƐĂŶĚd͘ƐƚǇůŝĨĞƌĂĨĞĚǁŝƚŚͲůŽĂĚĞĚůŝƉŽƐŽŵĞƐĨŽƌƐĞǀĞƌĂůĚĂǇƐĚŝƐƉůĂǇĞĚĂƉŽƉƚŽƚŝĐ
ŐŽŶĂĚĂů ƚŝƐƐƵĞ ŝŶĚŝĐĂƚĞĚ ďǇ dhE> ƐƚĂŝŶŝŶŐ ΀ϱϵ΁͘ dŚĞƐĞ ŽďƐĞƌǀĂƚŝŽŶƐ ŽĨ ĐŚĂŶŐĞĚ ŽǀĂƌŝĂŶ
ĂƌĐŚŝƚĞĐƚƵƌĞƐ ĂƌĞ Ăƚ ůĞĂƐƚ ƉĂƌƚŝĂůůǇ ĞǆƉůĂŝŶĂďůĞďǇ ƚŚĞ ƚĂƌŐĞƚĞĚ ĚĞůŝǀĞƌǇŽĨ ƚŚĞWh ƉƌŽďĞ͘ dŚĞ






 ůŽŶŐĞƌ ŝŶĐƵďĂƚŝŽŶƉĞƌŝŽĚǁŝƚŚŚŝŐŚĞƌK͘ŵĂƌŝŶĂ ĐĞůůĚĞŶƐŝƚŝĞƐĚĞŵŽŶƐƚƌĂƚĞĚĂĐĐƵŵƵůĂƚŝŽŶŽĨ
dDZͲ^ŝŶƚŚĞůŝƉŝĚƐĂĐŽĨĂĨĞŵĂůĞ͘dŚŝƐŽďƐĞƌǀĂƚŝŽŶǁĂƐƉƌŽďĂďůǇƉƌŽŵŽƚĞĚďǇĂŶŝŶĐƌĞĂƐĞĚ
ŝŶŐĞƐƚŝŽŶƌĂƚĞĚƵĞƚŽƚŚĞŚŝŐŚĞƌĂŵŽƵŶƚŽĨƚŚĞĨĞĞĚŝŶŐĚŝŶŽĨůĂŐĞůůĂƚĞĂŶĚƚŚƵƐĐĂƌďŽŶĐŽŶƚĞŶƚŝŶ
ƚŚĞ ŵĞĚŝƵŵ ΀ϭϴϬ΁͘ ^ĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞƐ ŚĂǀĞ ƐŝŵŝůĂƌ ƉƌŽƉĞƌƚŝĞƐ͕ ďƵƚ ĂƌĞ ƐůŝŐŚƚůǇ ůĞƐƐ ƉŽůĂƌ
ĐŽŵƉĂƌĞĚ ƚŽ WhƐ͕ǁŚŝĐŚ ƉƌŽďĂďůǇ ĐĂƵƐĞĚ ĂĐĐƵŵƵůĂƚŝŽŶ ŝŶ ƚŚŝƐ ƐƚŽƌĂŐĞ ĂƌĞĂ ŽĨ ƚŚĞ ĐŽƉĞƉŽĚ͘
dŚŝƐƌĞƐƵůƚŝƐĂďůĞƚŽĞǆƉůĂŝŶǁŚǇƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐĂƌĞďŝŽůŽŐŝĐĂůůǇŝŶĂĐƚŝǀĞ΀ϲϬ΁͘
&ůƵŽƌĞƐĐĞŶĐĞŵŝĐƌŽƐĐŽƉǇ ŚĂƐ ĂůƐŽ ďĞĞŶ ĂƉƉůŝĞĚ ŝŶ ƚŚĞ ĨŝĞůĚ ŽĨ WW ƚŽ ƚĂƌŐĞƚ ƐƉĞĐŝĨŝĐ ĞŶǌǇŵĞ
ĂĐƚŝǀŝƚŝĞƐ ΀ϭϴϭ΁͘  ŐĞŶĞƌĂů ĚƌĂǁďĂĐŬ͕ ĂůƐŽ ĞǆŝƐƚŝŶŐ ŝŶ ŽƵƌ ƐƚƵĚǇ͕ ŝƐ ƚŚĂƚ ŽŶĞ ĐĂŶŶŽƚ ĚŝƐƚŝŶŐƵŝƐŚ
ďĞƚǁĞĞŶƚŚĞƐŝŐŶĂůŽĨƚŚĞWďŽƵŶĚƚŽĂƉƌŽƚĞŝŶĂŶĚƚŚĞƵŶďŽƵŶĚƉƌŽďĞ͘DŽƌĞƐŽƉŚŝƐƚŝĐĂƚĞĚ
ƚĞĐŚŶŝƋƵĞƐĐŝƌĐƵŵǀĞŶƚƚŚŝƐƉƌŽďůĞŵ͘ůƵŵĞƚĂů͘ ΀ϭϴϮ΁ ŝŶĐŽƌƉŽƌĂƚĞĚĂĨůƵŽƌĞƐĐĞŶĐĞƋƵĞŶĐŚĞƌŝŶ
ƚŚĞ Z' ŽĨ Ă ĐǇƐƚĞŝŶĞ ƉƌŽƚĞĂƐĞ ƉƌŽďĞ ƚŚĂƚ ĐĂƌƌŝĞĚ Ă ĨůƵŽƌĞƐĐĞŶƚ ƌĞƉŽƌƚĞƌ ƚĂŐ͘ tŚĞŶ ƚŚŝƐ ŶŽŶͲ
ĨůƵŽƌĞƐĐĞŶƚ ƉƌŽďĞ ĐŽǀĂůĞŶƚůǇ ƌĞĂĐƚĞĚ ǁŝƚŚ ƚŚĞ ƚĂƌŐĞƚ ƉƌŽƚĞĂƐĞ͕ ƚŚĞ ƋƵĞŶĐŚĞƌͲĐŽŶƚĂŝŶŝŶŐ ƐŝĚĞ
ĐŚĂŝŶ ǁĂƐ ƌĞŵŽǀĞĚ ƌĞƐƵůƚŝŶŐ ŝŶ ƚŚĞ ĨŽƌŵĂƚŝŽŶ ŽĨ Ă ĨůƵŽƌĞƐĐĞŶƚůǇ ůĂďĞůĞĚ ƉƌŽƚĞĂƐĞ ƚŚĂƚ ǁĂƐ
ŵŽŶŝƚŽƌĞĚ ŝŶ ƌĞĂůͲƚŝŵĞ ŝŶ Ă ŚƵŵĂŶ ĐĂŶĐĞƌ ĐĞůů ůŝŶĞ ΀ϭϴϮ΁ ĂŶĚ ůĂƚĞƌ ĂůƐŽ ŝŶŵŝĐĞ ΀ϭϲϲ΁͘ ĞƐŝĚĞƐ
ƵƚŝůŝǌŝŶŐ ĨůƵŽƌĞƐĐĞŶĐĞ ƋƵĞŶĐŚŝŶŐ͕ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ĨůƵŽƌĞƐĐĞŶĐĞ ƉŽůĂƌŝǌĂƚŝŽŶ ďĞƚǁĞĞŶ ĐŽǀĂůĞŶƚůǇ
ƉƌŽďĞͲŝŶŚŝďŝƚĞĚ ĞŶǌǇŵĞƐ ŝŶĐůƵĚŝŶŐ ƐĞƌŝŶĞ ŚǇĚƌŽůĂƐĞƐ ΀ϭϴϯ΁͕ ĂƌŐŝŶŝŶĞ ŵĞƚŚǇůƚƌĂŶƐĨĞƌĂƐĞƐ ΀ϭϴϰ΁͕
ĂŶĚŽƚŚĞƌƐ΀ϭϴϱ΁ĂŶĚƚŚĞĨƌĞĞWƐǁĞƌĞĞǆƉůŽŝƚĞĚ͘
 7DUJHWLGHQWLILFDWLRQRI 38$VLQSODQNWRQLFRUJDQLVPV
DŽƚŝǀĂƚĞĚ ďǇ ƚŚĞ ĂĐĐƵŵƵůĂƚŝŽŶ ŽĨ dDZͲWh ŝŶ ŽƌŐĂŶŝƐŵƐ ƌĞǀĞĂůĞĚ ďǇ ĨůƵŽƌĞƐĐĞŶĐĞŵŝĐƌŽƐͲ
ĐŽƉǇ ;DĂŶƵƐĐƌŝƉƚĂŶĚDĂŶƵƐĐƌŝƉƚͿĂŶĚƌĞĂĐƚŝǀŝƚǇŽĨWhƐĂŶĚŽƚŚĞƌɲ͕ɴͲƵŶƐĂƚƵƌĂƚĞĚĂůĚĞͲ
ŚǇĚĞƐǁŝƚŚ ĐĞƌƚĂŝŶ ŝƐŽůĂƚĞĚ ƉƌŽƚĞŝŶƐ ;DĂŶƵƐĐƌŝƉƚ ͕ ΀ϴϲ͕ϴϳ΁Ϳ͕ǁŝƚŚ ƉƌŽƚĞŝŶƐ ŝŶ ĐĞůů ůǇƐĂƚĞƐ ŽĨ Ă




ŚĂƐŶĞǀĞƌďĞĞŶ ĐŽŶĚƵĐƚĞĚďĞĨŽƌĞ͕ďƵƚ ŝƐĂŶ ŝŵƉŽƌƚĂŶƚ ƐƚĞƉ ƚŽƵŶƌĂǀĞůƉƵƚĂƚŝǀĞ ƚĂƌŐĞƚƐĂŶĚ ƚŽ
ĚĞĚƵĐĞŵĞĐŚĂŶŝƐŵƐŽĨĂĐƚŝŽŶŽĨƚŚĞƐĞŵĞƚĂďŽůŝƚĞƐ͘
dǁŽͲƐƚĞƉ WW ŽĨĨĞƌƐ Ă ŵĞƚŚŽĚ ƚŽ ƐƚƵĚǇ ĐŽǀĂůĞŶƚ ŝŶƚĞƌĂĐƚŝŽŶƐ ŽĨ ŵŝŶŝŵĂůůǇ ŵŽĚŝĨŝĞĚ ŶĂƚƵƌĂů
ƉƌŽĚƵĐƚƐǁŝƚŚ ƚŚĞŝƌ ƚĂƌŐĞƚƐ ŝŶ ůŝǀŝŶŐ ŽƌŐĂŶŝƐŵƐ ΀ϭϮϮ΁ ;ƐĞĞ ĐŚĂƉƚĞƌ ϭ͘ϯ͘ϭͿ͘ ĨƚĞƌ ĂĚĚŝŶŐ ƚŚĞͲ
ĚĞƌŝǀĞĚZ'zƚŽƚŚĞďŝŽůŽŐŝĐĂůƐǇƐƚĞŵ͕ǁĞĞƐƚĂďůŝƐŚĞĚĂǁĂƐŚŝŶŐƉƌŽƚŽĐŽůƚŽƌĞŵŽǀĞƵŶďŽƵŶĚ





;ƵͿ ;&ŝŐƵƌĞ ϳ͕ ďŽƚƚŽŵͿ͘ ŶĂůǇƚŝĐĂů ƉůĂƚĨŽƌŵƐ ĨŽƌ WW ;ƐĞĞ ĐŚĂƉƚĞƌ ϭ͘ϯ͘ϮͿ ŽĨƚĞŶ ŝŶĐůƵĚĞ
ĞŶƌŝĐŚŵĞŶƚ ŽĨ ůĂďĞůĞĚ ƉƌŽƚĞŝŶƐ ďǇ ďŝŽƚŝŶ ǁŝƚŚ ;ƐƚƌĞƉƚͿĂǀŝĚŝŶ͘ ĨƚĞƌ ŽŶͲďĞĂĚ ƚƌǇƉƚŝĐ ĚŝŐĞƐƚŝŽŶ͕
ƌĞůĞĂƐĞŽĨƉƌŽďĞͲůĂďĞůĞĚƉƌŽƚĞŝŶƐŶĞĞĚƐŚĂƌƐŚĞůƵƚŝŽŶĐŽŶĚŝƚŝŽŶƐĂŶĚ ŝƐ ĨƌĞƋƵĞŶƚůǇƉƌŽďůĞŵĂƚŝĐ
΀ϭϯϬ΁͕ǁŚĞƌĞĂƐĞŶƌŝĐŚŵĞŶƚŽĨdDZͲůĂďĞůĞĚƉƌŽƚĞŝŶƐďǇĂŶƚŝͲdDZͲĂŶƚŝďŽĚŝĞƐ΀ϭϴϲ΁ďŽƵŶĚƚŽ
ďĞĂĚƐ ;ĂĨƚĞƌ ΀ϭϴϳ΁ͿǁĂƐ ƚĞƐƚĞĚƵŶƐƵĐĐĞƐƐĨƵůůǇ ;ĚĂƚĂŶŽƚ ƐŚŽǁŶͿ͘KƚŚĞƌ ƚĞĐŚŶŝƋƵĞƐ ůŝŬĞ ƚĂŶĚĞŵ
ŽƌƚŚŽŐŽŶĂůƉƌŽƚĞŽůǇƐŝƐ;dKWͿ΀ϭϭϳ΁ĂƌĞĚŝĨĨŝĐƵůƚƚŽĞƐƚĂďůŝƐŚĚƵĞƚŽƚŚĞŝƌĐŽŵƉůĞǆŝƚǇ͖ĨƵƌƚŚĞƌŵŽƌĞ͕
ƚŚĞǇ ƵƐĞ ƐƉĞĐŝĨŝĐ ŶŽŶͲĨůƵŽƌĞƐĐĞŶƚ ƌĞƉŽƌƚĞƌ ƵŶŝƚƐ ƚŚĂƚ ĂƌĞ ŶŽƚ ĂƉƉůŝĐĂďůĞ ĨŽƌ ŽƚŚĞƌ ƉƵƌƉŽƐĞƐ͘
&ŝŶĂůůǇ͕ĚŝĨĨĞƌĞŶĐĞŐĞůĞůĞĐƚƌŽƉŚŽƌĞƐŝƐ ;/'Ϳ ΀ϭϴϴ΁ǁĂƐĐŚŽƐĞŶ ĨŽƌƉƌŽƚĞŝŶ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶǁŝƚŚŝŶ
Ϯ ŐĞůƐ͘ dŚŝƐ ŚŝŐŚ ƌĞƐŽůƵƚŝŽŶ ƚĞĐŚŶŝƋƵĞ ǀŝƐƵĂůŝǌĞĚ ĨůƵŽƌĞƐĐĞŶĐĞ ŽĨ WͲůĂďĞůĞĚ ƉƌŽƚĞŝŶƐ ĂŶĚ
ƵŶƉĞƌƚƵƌďĞĚ ƉƌŽƚĞŝŶƐ ƉƌĞůĂďĞůĞĚ ǁŝƚŚ Ă ĚǇĞ ŽĨ ĚŝĨĨĞƌĞŶƚ ĞǆĐŝƚĂƚŝŽŶ ĂŶĚ ĞŵŝƐƐŝŽŶ ǁĂǀĞůĞŶŐƚŚƐ
ĐŽŵƉĂƌĞĚƚŽdDZĂŶĚƚŚƵƐĞŶĂďůĞĚĞǆĂĐƚƉƌŽƚĞŝŶůŽĐĂƚŝŽŶǁŝƚŚŝŶĞĂĐŚŐĞů͘
^ŽĚŝƵŵ ĚŽĚĞĐǇů ƐƵůĨĂƚĞ ƉŽůǇĂĐƌǇůĂŵŝĚĞ ŐĞů ĞůĞĐƚƌŽƉŚŽƌĞƐŝƐ ;^^ͲW'͕ ƌĞĨĞƌƌĞĚ ĂƐ ϭ ŐĞů
ĞůĞĐƚƌŽƉŚŽƌĞƐŝƐͿŝƐƵƐƵĂůůǇĐŽŶĚƵĐƚĞĚĨŽƌĨĂƐƚƐĐƌĞĞŶŝŶŐŽĨĨůƵŽƌĞƐĐĞŶƚƉƌŽďĞͲůĂďĞůĞĚƉƌŽƚĞŝŶƐŝŶ
WW ΀ϭϬϳ΁͘ /Ŷ Ă ƚǁŽͲƐƚĞƉ WWǁŝƚŚ ůŝǀŝŶŐ W͘ ƚƌŝĐŽƌŶƵƚƵŵ ĐĞůůƐ ĂŶĚ dDZͲEϯ ĂƐ ĨůƵŽƌĞƐĐĞŶƚ
ƌĞƉŽƌƚĞƌ͕zĞŶĂďůĞĚůĂďĞůŝŶŐŽĨƉƌŽƚĞŝŶƐŝŶĂϭŐĞů;^Ϯ&ŝŐŝŶDĂŶƵƐĐƌŝƉƚͿ͕ǁŚĞƌĞĂƐƚŚĞůĞƐƐ
ƌĞĂĐƚŝǀĞ^͕ĨŽƌǁŚŝĐŚŽŶůǇĂĨĞǁĐŽǀĂůĞŶƚůǇůĂďĞůĞĚƉƌŽƚĞŝŶƐŚĂǀĞďĞĞŶƌĞƉŽƌƚĞĚ΀ϭϴϵ͕ϭϵϬ΁͕ĚŝĚ
ŶŽƚƐŚŽǁĂŶǇĨůƵŽƌĞƐĐĞŶƚďĂŶĚ ŝŶĂĐĐŽƌĚĂŶĐĞǁŝƚŚƵƉƚĂŬĞĞǆƉĞƌŝŵĞŶƚƐ ;DĂŶƵƐĐƌŝƉƚͿ͘ůƐŽ ŝŶ
ƉŚĂƌŵĂĐĞƵƚŝĐĂů ƐĐƌĞĞŶŝŶŐ͕ ŚŝŐŚƋƵĂůŝƚǇƉƌŽďĞƐ ĂŶĚŵŽůĞĐƵůĞƐ ƚŽŐĞƚŚĞƌǁŝƚŚ ƐƚƌƵĐƚƵƌĂůůǇ ƐŝŵŝůĂƌ
ďƵƚŝŶĂĐƚŝǀĞĐŽŶƚƌŽůƉĂƌƚŶĞƌƐĂƌĞŚŝŐŚůǇƌĞĐŽŵŵĞŶĚĞĚĂƐƐƚĂŶĚĂƌĚĨŽƌƚĂƌŐĞƚŝĚĞŶƚŝĨŝĐĂƚŝŽŶ΀ϭϵϭ΁͘
/ŶĐŽŶƐĞƋƵĞŶĐĞŽĨƚŚĞǁŝĚĞƐƉĞĐƚƌƵŵŽĨƉŚǇƐŝŽůŽŐŝĐĂůƌĞƐƉŽŶƐĞƐŽĨƉůĂŶŬƚŽŶƚŽWhƐ͕ĚŽůƉŚĞƚ









ĐŽŶǀĞƌƐŝŽŶ͘ĞůŝǀĞƌǇŽĨĞǆĐŝƚĂƚŝŽŶĞŶĞƌŐǇďĞƚǁĞĞŶƉŚŽƚŽƐǇƐƚĞŵ /ĂŶĚ //ďǇ ƚŚĞ ůŝŐŚƚŚĂƌǀĞƐƚŝŶŐ
ĐŽŵƉůĞǆ ;>,Ϳ ΀ϭϵϮ΁ ŵŝŐŚƚ ďĞ ƉĞƌƚƵƌďĞĚ ďǇ ĐŽǀĂůĞŶƚůǇ ŵŽĚŝĨŝĞĚ ĨƵĐŽǆĂŶƚŚŝŶ ĐŚůŽƌŽƉŚǇůů ĂͬĐ
ƉƌŽƚĞŝŶƐ͘tĞ ŝĚĞŶƚŝĨŝĞĚ ĨŽƵƌ ŽĨ ƚŚĞƐĞ ƉƌŽƚĞŝŶƐ͖ǁŚĞƌĞĂƐ ŽŶĞ >ŚĐǆ ŐĞŶĞ ƉƌŽĚƵĐƚ ĐŽŶƚƌŝďƵƚĞƐ ƚŽ
ƉŚŽƚŽƉƌŽƚĞĐƚŝŽŶ͕ ƚŚƌĞĞ>ŚĐĨŐĞŶĞƉƌŽĚƵĐƚƐ ĂƌĞ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ĐĂƉƚƵƌŝŶŐ ƉŚŽƚŽŶƐ ;ƌĞǀŝĞǁĞĚ ŝŶ
΀ϭϵϯ΁Ϳ͘  ƉƌĞǀŝŽƵƐůǇ ŽďƐĞƌǀĞĚ ƌĞĚƵĐƚŝŽŶ ŝŶ ƉŚŽƚŽƐǇƐƚĞŵ ĞĨĨŝĐŝĞŶĐǇ ŝŶ d͘ ƌŽƚƵůĂ ΀ϳϰ΁ ĂŶĚ Ă
ƚƌĂŶƐŐĞŶŝĐW͘ƚƌŝĐŽƌŶƵƚƵŵ΀ϵϳ΁ďǇŵĂǇďĞĞǆƉůĂŝŶĞĚŵĞĐŚĂŶŝƐƚŝĐĂůůǇďǇŽƵƌƌĞƐƵůƚƐ͘








ĐĂƚĂůǇƚŝĐ ƐĞĐƚŽƌ͕ &ϭ ŽĨ ƚŚĞ ĐŚůŽƌŽƉůĂƐƚŝĐ dW ƐǇŶƚŚĂƐĞ ΀ϭϵϱ΁͘ ĚĚŝƚŝŽŶĂůůǇ͕ dW ƐǇŶƚŚĂƐĞƐ ĂƌĞ
ůŽĐĂƚĞĚŝŶƚŚĞŵŝƚŽĐŚŽŶĚƌŝĂůŝŶŶĞƌŵĞŵďƌĂŶĞ͘ŚĂŶŐĞƐŝŶƚŚĞƐƉĂƚŝĂůĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞƐƵďƵŶŝƚƐ


















ĐĂƚŝŽŶ ŽĨ ƚŚŝƐ ƉƌĞĚŝĐƚĞĚ ĞŶǌǇŵĞ ďǇ WhƐ ŵĂǇ ĂĚĚŝƚŝŽŶĂůůǇ ŝŶƚĞƌĨĞƌĞ ǁŝƚŚ ƌĞĚŽǆ ŚŽŵĞŽƐƚĂƐŝƐ͘
/ŶƚĞƌĞƐƚŝŶŐůǇ͕ ĐŝŶŶĂŵŝĐ ĂůĚĞŚǇĚĞ ƚŚĂƚ ĂůƐŽ ďĞĂƌƐ Ă ĐŽŶũƵŐĂƚĞĚ ĂůĚĞŚǇĚĞ ĐŽǀĂůĞŶƚůǇ ŝŶŚŝďŝƚĞĚ
ƚŚŝŽƌĞĚŽǆŝŶ ƌĞĚƵĐƚĂƐĞƐ ΀ϮϬϮ΁͘ >ŝŬĞ ƚŚŝŽƌĞĚŽǆŝŶ͕ ƚŚŝƐ ŽǆŝĚŽƌĞĚƵĐƚĂƐĞ ĐŽŵƉƌŝƐĞƐ Ă ƌĞĚŽǆͲĂĐƚŝǀĞ
ĚŝƐƵůĨŝĚĞďŽŶĚ͕ǁŚŝĐŚƉƌŽǀŝĚĞƐĂƉŽŝŶƚŽĨĂƚƚĂĐŬĨŽƌDŝĐŚĂĞůĂĐĐĞƉƚŽƌƐŝŶŝƚƐƌĞĚƵĐĞĚĨŽƌŵ͘
KƵƌĚĂƚĂĂůƐŽƉƌŽǀŝĚĞĂŚŝŶƚĨŽƌůĂďĞůĞĚĐǇƚŽĐŚƌŽŵĞĐ;ĂĐĐĞƐƐŝŽŶEŽ͘ϬdϬϲ͕ϱzϱϳϴͿ;dĂďůĞ^ϭ
ŝŶDĂŶƵƐĐƌŝƉƚ Ϳ ĂŶĚ ƚŚƵƐ ŽǀĞƌůĂƉ ǁŝƚŚ Ă ƉƌĞǀŝŽƵƐ ƐƚƵĚǇ ďǇ ^ŝŐŽůŽ Ğƚ Ăů͘ ΀ϴϳ΁͘ dŚĞǇ ĨŽƵŶĚ




ĐŽŶĨŝĚĞŶĐĞ ŝŶ ƚĂƌŐĞƚƐ ΀ϭϵϭ΁͘ dĂƌŐĞƚ ƉƌŽƚĞŝŶ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ ĐĂŶďĞ ƉĞƌĨŽƌŵĞĚďǇ ƉƌŽƚĞŝŶͲƐƉĞĐŝĨŝĐ
ĨůƵŽƌĞƐĐĞŶƚĂŶƚŝďŽĚŝĞƐ ;Ğ͘Ő͕͘ďǇĂĨĨŝŶŝƚǇĞŶƌŝĐŚŵĞŶƚŽĨƉƌŽƚĞŝŶƐ ůĂďĞůĞĚǁŝƚŚĂďŝŽƚŝŶͲĐŽŶƚĂŝŶŝŶŐ





ŽƌŐĂŶŝƐŵƐ ĨŽůůŽǁĞĚ ďǇ ƉƵƌŝĨŝĐĂƚŝŽŶͿ ĐĂŶ ďĞ ƉĞƌĨŽƌŵĞĚ ƚŽ ĚĞŵŽŶƐƚƌĂƚĞ ƌĞƐƚƌŝĐƚĞĚ Žƌ ůŽƐƐ ŽĨ
ĨƵŶĐƚŝŽŶ ĂĨƚĞƌ Wh ŝŶĐƵďĂƚŝŽŶ ŝŶ Ă ĚŽƐĞͲĚĞƉĞŶĚĞŶƚŵĂŶŶĞƌ͘ &ƵƌƚŚĞƌŵŽƌĞ͕ ƚŚŽƐĞ ƌĞĐŽŵďŝŶĂŶƚ
ƉƌŽƚĞŝŶƐ ůĂďĞůĞĚǁŝƚŚ ƚŚĞƉƌŽďĞƐŚŽƵůĚďĞƵƐĞĚĂƐĐŽŶƚƌŽůƐ ĨŽƌ ůŝƋƵŝĚĐŚƌŽŵĂƚŽŐƌĂƉŚǇͬƚĂŶĚĞŵ
ŵĂƐƐ ƐƉĞĐƚƌŽŵĞƚƌǇ ;>ͲD^ͬD^Ϳ ĂŶĂůǇƐŝƐ ΀ϭϭϲ΁͘ ZE ŝŶƚĞƌĨĞƌĞŶĐĞ ĂŶĚ ŐĞŶĞ ŬŶŽĐŬŽƵƚ ŽĨ ƚŚĞ
ƉƵƚĂƚŝǀĞƚĂƌŐĞƚƉƌŽƚĞŝŶͲĞŶĐŽĚŝŶŐŐĞŶĞƐƚŚĂƚŵĂƚĐŚƚŚĞWhͲŝŶĚƵĐĞĚƉŚĞŶŽƚǇƉĞ΀ϮϬϯ΁ĂƌĞĨƵƌƚŚĞƌ
ƚŽŽůƐƚŽĐŽŶĨŝƌŵƚŚĞƚĂƌŐĞƚ͘,ŽǁĞǀĞƌ͕ƚŚĞƐĞƚĞĐŚŶŝƋƵĞƐĂƌĞŶŽƚǇĞƚĞƐƚĂďůŝƐŚĞĚĨŽƌĚŝĂƚŽŵƐ͘KŶůǇ







ĂƐĐƌŝďĞĚ ƚŽ ůǇƐŝŶĞ͕ ǁŚŝĐŚ ŵĂŝŶůǇ ƵŶĚĞƌǁĞŶƚ ŝŵŝŶĞ ĨŽƌŵĂƚŝŽŶ ǁŝƚŚ ƚŚĞ ƉƌŽďĞ͘ dŚŝƐ ǁĂƐ ĂůƐŽ
ĐŽŶĨŝƌŵĞĚŝŶĂŵŽĚĞůŝŶǀĞƐƚŝŐĂƚŝŽŶǁŝƚŚůǇƐŝŶĞ;DĂŶƵƐĐƌŝƉƚͿ͘
KƵƌ ƌĞƐƵůƚƐ ŝŶĚŝĐĂƚĞ ƚŚĂƚ ƐĞǀĞƌĂů ŝŵƉŽƌƚĂŶƚ ƉĂƚŚǁĂǇƐ ŝŶǀŽůǀĞĚ ŝŶ ƚŚĞ ĞŶĞƌŐǇ ŚŽƵƐĞŚŽůĚ ŽĨ W͘
ƚƌŝĐŽƌŶƵƚƵŵĂƌĞƐƉĞĐŝĨŝĐĂůůǇĂĨĨĞĐƚĞĚďǇWhƐ;DĂŶƵƐĐƌŝƉƚͿ͘,ŽǁĞǀĞƌ͕ŶŽƐƉĞĐŝĨŝĐƌĞĐĞƉƚŽƌƐŽĨ
WhƐ ƚŚĂƚ ŵĞĚŝĂƚĞ ƐŝŐŶĂů ƚƌĂŶƐĚƵĐƚŝŽŶ ůŝŬĞ ŝĚĞŶƚŝĨŝĞĚ ĨŽƌ ƚŚĞ ɲ͕ɴͲƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞ ϰͲ





΀ϳϱ΁͘ /Ŷ ǀŝƚƌŽ ƉƌŽƚĞŝŶ ůĂďĞůŝŶŐ ĞǆƉĞƌŝŵĞŶƚƐ ǁŝƚŚ ǌŽŽƉůĂŶŬƚŽŶ ƐĂŵƉůĞƐ ŵĂŝŶůǇ ĐŽŶƚĂŝŶŝŶŐ ͘
ŚĞůŐŽůĂŶĚŝĐƵƐ ƌĞƐƵůƚĞĚ ŝŶ ĨůƵŽƌĞƐĐĞŶƚƉƌŽƚĞŝŶƐ ŝŶϭĂŶĚϮŐĞůƐƉƌĞƉĂƌĞĚďǇ^ĞŝĨĞƌƚ ΀ϮϬϲ΁ƚŚĂƚ
ƐƵƉƉŽƌƚ ƚŚĞ ƐƵƐĐĞƉƚŝďŝůŝƚǇ ŽĨ ĐŽƉĞƉŽĚ ƉƌŽƚĞŝŶƐ ĨŽƌ ĐŽǀĂůĞŶƚ ƌĞĂĐƚŝŽŶƐ ǁŝƚŚ WhƐ ΀ϱϵ΁͘ &ƵƚƵƌĞ
ƐƚƵĚŝĞƐƐŚŽƵůĚŝŶǀĞƐƚŝŐĂƚĞŝĨƉƌŽƚĞŝŶƚĂƌŐĞƚƉĂƚƚĞƌŶƐĨŽƵŶĚŝŶW͘ƚƌŝĐŽƌŶƵƚƵŵŽǀĞƌůĂƉǁŝƚŚƚŚŽƐĞŽĨ
ŽƚŚĞƌ ŽƌŐĂŶŝƐŵƐ Žƌ ŝĨ ďŝŽůŽŐŝĐĂů ĞĨĨĞĐƚƐ ŽĨ WhͲŝŶĚƵĐĞĚ ƉŚĞŶŽƚǇƉĞƐ ĐĂŶ ďĞ ĂƐƐŝŐŶĞĚ ƚŽ ŽƚŚĞƌ
ƉĞƌƚƵƌďĂƚŝŽŶƐ͘
/Ŷ ĂĚĚŝƚŝŽŶ ƚŽ ĐŽǀĂůĞŶƚ ŵŽĚŝĨŝĐĂƚŝŽŶƐ͕ ƚŚĞ ŝŶƚĞƌĂĐƚŝŽŶƐ ŽĨ ŶĂƚƵƌĂů ƉƌŽĚƵĐƚƐ ǁŝƚŚ ƉƌŽƚĞŝŶƐ ĂůƐŽ
ŝŶĐůƵĚĞǁĞĂŬ͕ŶŽŶͲĐŽǀĂůĞŶƚ ŝŶƚĞƌĂĐƚŝŽŶƐ ΀ϭϭϭ΁͘dŚĞƐĞ ŝŶƚĞƌĂĐƚŝŽŶƐŵŝŐŚƚďĞǀŝƐƵĂůŝǌĞĚ ŝŶ ĨƵƚƵƌĞ
ƐƚƵĚŝĞƐ ǁŝƚŚ WƐ ĐŽŶƚĂŝŶŝŶŐ Ă ƉŚŽƚŽͲƌĞĂĐƚŝǀĞ ĐƌŽƐƐͲůŝŶŬĞƌ͕ ǁŚŝĐŚ ĞŶĂďůĞƐ ƉĞƌŵĂŶĞŶƚ ůĂďĞůŝŶŐ
ǁŝƚŚƉƌŽƚĞŝŶƐŝŶĐůŽƐĞƉƌŽǆŝŵŝƚǇ΀ϭϭϭ΁͘
^ŝŶĐĞ'ĂůůŝŶĂĞƚĂů͘ŽďƐĞƌǀĞĚĂůŐĂůƐƉĞĐŝĞƐͲĂŶĚŵŽůĞĐƵůĂƌǁĞŝŐŚƚͲĚĞƉĞŶĚĞŶƚĚŝĨĨĞƌĞŶĐĞƐŝŶWhƐ͛





ǁŽƵůĚ ĐŽŶƚƌŝďƵƚĞ ƚŽ ƚŚĞŵĞĐŚĂŶŝƐƚŝĐ ƵŶĚĞƌƐƚĂŶĚŝŶŐ ŽĨ ƚŚĞƐĞ ŽǆǇůŝƉŝŶƐ͘,ŽǁĞǀĞƌ͕ ĚƵƌŝŶŐ ƉƌŽďĞ
ĚĞƐŝŐŶĐŽŶũƵŐĂƚŝŽŶŽĨƚŚĞDŝĐŚĂĞůĂĐĐĞƉƚŽƌǁŝƚŚƚŚĞƚĞƌŵŝŶĂůĂůŬǇŶĞŵƵƐƚďĞĞǆĐůƵĚĞĚƚŽĂǀŽŝĚ
ĂůƚĞƌĞĚĂĐƚŝǀŝƚǇ͘hŶĨŽƌƚƵŶĂƚĞůǇ͕ĞĨĨŽƌƚƐƚŽƐǇŶƚŚĞƐŝǌĞϮ͕ϰͲŽĐƚĂĚŝĞŶͲϳͲǇŶĂůĂŶĂůŽŐŽƵƐƚŽz΀ϭϰϳ΁









ƚŝŽŶ ŽĨ ĐǇƚŽƐŬĞůĞƚĂů ŝŶƐƚĂďŝůŝƚǇ͕ ĂŵŽĚĞ ŽĨ ĂĐƚŝŽŶ ŽĨ WhƐ ĐůĂƐƐŝĨŝĞĚ ďǇ ĂůĚǁĞůů ΀ϱϱ΁ ǁĂƐ ƐƵƉͲ
ƉŽƌƚĞĚ ďǇ ƌĞŐƵůĂƚŝŽŶ ŽĨ ŐĞŶĞ ĞǆƉƌĞƐƐŝŽŶ ŝŶ ƚŚĞ ƐĞĂ ƵƌĐŚŝŶ WĂƌĂĐĞŶƚƌŽƚƵƐ ůŝǀŝĚƵƐ ΀ϭϬϭ΁ ĂŶĚ
ĐŽŶĨŝƌŵĞĚŝŶƚŚĞĚŝĂƚŽŵ͘ŚĞůŐŽůĂŶĚŝĐƵƐ΀ϵϴ΁͘ǆƉƌĞƐƐŝŽŶŽĨŵZEŽĨƚƵďƵůŝŶƐ͕ǁŚŝĐŚĨŽƌŵƚŚĞ
ďƵŝůĚŝŶŐďůŽĐŬƐŽĨŵŝĐƌŽƚƵďƵůĞƐ͕ŽŶĞŽĨƚŚĞĂĐƚŝǀĞĐŽŵƉŽŶĞŶƚƐŽĨƚŚĞĐǇƚŽƐŬĞůĞƚŽŶ͕ǁĂƐĚŽǁŶƌĞŐͲ





























ǁŝƚŚ ĐĞůůƵůĂƌ ĂŶĚ ƉŚǇƐŝŽůŽŐŝĐĂů ƉƌŽĐĞƐƐĞƐ ĂŶĚ ĞǀĞŶ ĞĐŽůŽŐŝĐĂů ĐŽŶƐĞƋƵĞŶĐĞƐ ŝƐ Ă ŬĞǇ ƚŽƉŝĐ ŝŶ
ƵŶĚĞƌƐƚĂŶĚŝŶŐƚŚĞĂĐƚŝǀŝƚǇŽĨŽǆǇůŝƉŝŶƐ͘




ĂŶ ŝŶĂĐƚŝǀĞ ĐŽŵƉůĞǆ ďǇ ŚĞĂƚ ƐŚŽĐŬ ƉƌŽƚĞŝŶƐ ;,ƐƉͿ ǁĂƐ ƌĞůĞĂƐĞĚ ŽƵƚ ŽĨ ƚŚĞ ĐŽŵƉůĞǆ ĂŶĚ ƚŚƵƐ
ĂĐƚŝǀĂƚĞĚďǇ,EĂĚĚƵĐƚ ĨŽƌŵĂƚŝŽŶǁŝƚŚ,ƐƉϳϬĂŶĚ,ƐƉϵϬ͘^ƵďƐĞƋƵĞŶƚůǇ͕,^&ϭͲŵĞĚŝĂƚĞĚŐĞŶĞ







ůĞĐƚƌŽƉŚŝůĞƐ ĂƌĞ ŬŶŽǁŶ ƚŽ ĨŽƌŵ ĐŽǀĂůĞŶƚďŽŶĚƐǁŝƚŚ ŶƵĐůĞŝĐ ĂĐŝĚƐ͕ ƚŚĞŝƌ ďĞƐƚ ƐƚƵĚŝĞĚ ƚĂƌŐĞƚƐ͕










ƚŽ ƚŚĞ ƉƌĞǀŝŽƵƐůǇ ĞƐƚĂďůŝƐŚĞĚ ĨĞĞĚŝŶŐ ƉƌŽƚŽĐŽůƐ ;DĂŶƵƐĐƌŝƉƚ ͕ ΀ϱϲ΁Ϳ͕ ƚŚĞ ĐĂƌƌŝĞƌ ŽƌŐĂŶŝƐŵƐ W͘
ŵŝŶŝŵƵŵ͕ZŚŽĚŽŵŽŶĂƐƐĂůŝŶĂ͕ŽƌK͘ŵĂƌŝŶĂǁĞƌĞůĂďĞůĞĚǁŝƚŚzĂŶĚƵƐĞĚĂƐĨŽŽĚƐŽƵƌĐĞĨŽƌ
ĐŽƉĞƉŽĚƐ͘ĨƚĞƌĨĞĞĚŝŶŐĂŶĚƐƚĂƌǀĂƚŝŽŶ͕ĐŽƉĞƉŽĚƐǁĞƌĞůǇƐĞĚ͕ŐĞŶŽŵŝĐE;ŐEͿǁĂƐĞǆƚƌĂĐͲ





ŝŶĐƵďĂƚŝŽŶĞǆƉĞƌŝŵĞŶƚƐǁŝƚŚŐEŽĨW͘ ƚƌŝĐŽƌŶƵƚƵŵ ŝŶŚĞƌŵĂƐƚĞƌ ƚŚĞƐŝƐ͖ ƐŚĞ ƚĞƐƚĞĚĚŝĨĨĞƌĞŶƚ
ƵĐŽŶĚŝƚŝŽŶƐǁŚŝůĞ ĨĂĐŝŶŐƚŚĞƐĂŵĞƉƌŽďůĞŵƐŽĨEĚĞŐƌĂĚĂƚŝŽŶ΀ϮϭϬ΁͘ZĞŵĂƌŬĂďůǇ͕ĂůƐŽ










E ŝŶ ƚŚĞ ŝŶ ǀŝƚƌŽ ĞǆƉĞƌŝŵĞŶƚ͘ ǆƉĞƌŝŵĞŶƚĂů ĐŽŶĚŝƚŝŽŶƐǁĞƌĞ ĐŽŶĚƵĐƚĞĚ ĂƐ ĚĞƐĐƌŝďĞĚ ŝŶ ΀ϮϭϬ΁ ĂŶĚDĂŶƵƐĐƌŝƉƚ ͘
;ďďƌĞǀŝĂƚŝŽŶƐʹƵ͗Ƶ;/ͿͲĐĂƚĂůǇǌĞĚĂǌŝĚĞͲĂůŬǇŶĞĐǇĐůŽĂĚĚŝƚŝŽŶ͖ŐE͗ŐĞŶŽŵŝĐEͿ
/ŶĐŽŶĐůƵƐŝŽŶ͕ǁĞĨŽƵŶĚŶŽĞǀŝĚĞŶĐĞŽĨĂƐƚĂďůĞ͕ĐŽǀĂůĞŶƚůĂďĞůŝŶŐŽĨE͘,ŽǁĞǀĞƌ͕ŝŶĂƉƉƌŽƉƌŝͲ





ƚŽ WhƐ ΀ϳϱ΁͖ ƚŚŝƐ ƐƉĞĐŝĞƐ ĂůƐŽ ǁŝƚŚƐƚŽŽĚ ƚǁŽͲƐƚĞƉ WW ǁŝƚŚ z ǁŝƚŚŽƵƚ ƌĞĐŽŐŶŝǌĂďůĞ
ĨůƵŽƌĞƐĐĞŶĐĞŝŶϭŐĞůƐ;ĚĂƚĂŶŽƚƐŚŽǁŶͿ΀ϭϰϳ΁͘
ĨĨŝĐŝĞŶƚ ƉƌŽƚĞĐƚŝŽŶŵĞĐŚĂŶŝƐŵƐŵĂǇďĞ ůŝŶŬĞĚ ƚŽ ƚŚĞ ŝŶĂďŝůŝƚǇ ŽĨ WhƐ Žƌ ƌĞůĂƚĞĚ ŽǆǇůŝƉŝŶƐ ƚŽ










ĂĨƚĞƌ ƐŽŶŝĐĂƚŝŽŶ ;ĂƐ ĚĞƐĐƌŝďĞĚ ŝŶDĂŶƵƐĐƌŝƉƚ Ϳ͕ ƉƌŽƚĞŝŶƐǁĞƌĞ ƌĞŵŽǀĞĚ ďǇ ƉƌĞĐŝƉŝƚĂƚŝŽŶǁŝƚŚ
ĂĐĞƚŽŶŝƚƌŝůĞ͕ ĂŶĚ ƚŚĞ ƐĂŵƉůĞƐǁĞƌĞ ĂŶĂůǇǌĞĚďǇ >ͲD^ĂŶĚĂƉŚŽƚŽĚŝŽĚĞĂƌƌĂǇĚĞƚĞĐƚŽƌ͘,ŽǁͲ









ĂŶĚ ďŝŽŵĂĐƌŽŵŽůĞĐƵůĞ ůĂďĞůŝŶŐ ŽĨĨĞƌ Ă ĐŚĂƌĂĐƚĞƌŝƐƚŝĐ ŝƐŽƚŽƉŝĐ ƉĂƚƚĞƌŶ ;Ğ͘Ő͕͘ ϳϵƌ ĂŶĚ ϴϭƌ ĂƌĞ
ĂďƵŶĚĂŶƚŝŶĂůŵŽƐƚĞƋƵĂůĂŵŽƵŶƚƐͿĂŶĚĐĂŶŚĞůƉƚŽůŽĐĂƚĞƚĂŐŐĞĚŵŽůĞĐƵůĞƐ;ƐĞĞĐŚĂƉƚĞƌϭ͘ϯ͘ϯͿ
΀ϭϯϲͲϭϯϵ͕ϭϰϭ͕ϭϰϯͲϭϰϱ΁͘
&ŽůůŽǁŝŶŐ ƚŚĞ ĐŽŶĐĞƉƚƐŽĨ ĨůƵŽƌĞƐĐĞŶĐĞ ĂŶĚŵĂƐƐ ƐƉĞĐƚƌŽŵĞƚƌŝĐ ĚĞƚĞĐƚŝŽŶ ƐƚƌĂƚĞŐŝĞƐǁĞ ŝŶƚƌŽͲ
ĚƵĐĞĚƚŚĞƐǇŶƚŚĞƐŝƐĂŶĚĂƉƉůŝĐĂƚŝŽŶŽĨĂƐŵĂůů͕ĂǌŝĚĞƚĂŐŐĞĚƌĞƉŽƌƚĞƌĨŽƌďŝŽŽƌƚŚŽŐŽŶĂůĐŽŶŶĞĐͲ
ƚŝŽŶƚŽƚĞƌŵŝŶĂůĂůŬǇŶĞƐǀŝĂƵ͘dŚĞŵŽůĞĐƵůĞϰͲ;ϯͲĂǌŝĚŽƉƌŽƉŽǆǇͿͲϱͲ;ϰͲďƌŽŵŽƉŚĞŶǇůͿͲϮͲ;ƉǇƌŝͲ
ĚŝŶͲϮͲǇůͿƚŚŝĂǌŽůĞ ;WdͿ ƐƵƉƉŽƌƚƐ ĨůƵŽƌĞƐĐĞŶĐĞ ĂŶĚhs ĚĞƚĞĐƚŝŽŶ ďĂƐĞĚŽŶ ƚŚĞǁĞůů ŝŶǀĞƐƚŝŐĂƚĞĚ




ĐŽƵƉůĞĚ ƚŽhsͲsŝƐ ĂŶĚ ĨůƵŽƌĞƐĐĞŶĐĞĚĞƚĞĐƚŽƌƐͿ͘ dŚĞƌĞďǇ͕ ŝŶƚĞƌƐǇƐƚĞŵĐƌŽƐƐŝŶŐŽĨƚĞŶ ĐĂƵƐĞĚďǇ
ŚĞĂǀǇ ĂƚŽŵƐ ΀Ϯϭϯ΁ ĚŝĚ ŶŽƚ ƐƵďƐƚĂŶƚŝĂůůǇ ƌĞĚƵĐĞ ĨůƵŽƌĞƐĐĞŶĐĞ ŝŶ ĐŽŶƚƌĂƐƚ ƚŽ Ă ĚĂŶƐǇůŵŽůĞĐƵůĞ
ďƌŽŵŝŶĂƚĞĚĂƚƚŚĞŶĂƉŚƚŚĂůĞŶĞĂƌŽŵĂƚŝĐƐǇƐƚĞŵ;DĂŶƵƐĐƌŝƉƚͿ͘
dŽĐŝƌĐƵŵǀĞŶƚƚŚĞŶĞĞĚŽĨĞǆƉĞŶƐŝǀĞůĂďĞƋƵŝƉŵĞŶƚĨŽƌĨůƵŽƌĞƐĐĞŶĐĞĚĞƚĞĐƚŝŽŶ;Ğ͘Ő͕͘ ŝŶϭĂŶĚ








ǀŝĂƵǁŝƚŚĚŝĨĨĞƌĞŶƚ ƌĞƉŽƌƚĞƌŵŽůĞĐƵůĞƐ͘Wd ƌĞǀĞĂůĞĚ ƐƵƉĞƌŝŽƌ ĨůƵŽƌĞƐĐĞŶĐĞ ĐŽŵƉĂƌĞĚ ƚŽ
ĨůƵŽƌŽƉŚŽƌĞĂǌŝĚĞƐŽĨ ƚŚĞ ĐŽŵŵŽŶůǇƵƐĞĚĚĂŶƐǇů ĂŶĚ ϰͲŶŝƚƌŽďĞŶǌŽ΀Đ΁΀ϭ͕Ϯ͕ϱ΁ŽǆĂĚŝĂǌŽůĞ ƐǇƐƚĞŵƐ
;DĂŶƵƐĐƌŝƉƚͿ͘
WƌĞǀŝŽƵƐůǇ͕ ĚĂŶƐǇů ĐŚůŽƌŝĚĞ ŚĂƐ ďĞĞŶ ŝŶƚƌŽĚƵĐĞĚ ĂƐ ĚĞƌŝǀĂƚŝǌĂƚŝŽŶ ĂŐĞŶƚ ĨŽƌ ĞŶŚĂŶĐĞĚ ĞůĞĐƚƌŽͲ
ƐƉƌĂǇŝŽŶŝǌĂƚŝŽŶ;^/ͿŽĨƉŽůĂƌŵĞƚĂďŽůŝƚĞƐĐŽŶƚĂŝŶŝŶŐĂŵŝŶĞŽƌƉŚĞŶŽůŝĐŚǇĚƌŽǆǇůŐƌŽƵƉƐ΀Ϯϭϰ΁ŝŶ
ƉŽƐŝƚŝǀĞ ŝŽŶŝǌĂƚŝŽŶŵŽĚĞ͖ ůŝŶĞĂƌ ƌĞƐƉŽŶƐĞƐ ŽĨ ƚĞƐƚĞĚ ĂŵŝŶŽ ĂĐŝĚƐǁĞƌĞ ŝŶĐƌĞĂƐĞĚ ďǇ ŽǀĞƌ ƚǁŽ
ŽƌĚĞƌƐ ŽĨŵĂŐŶŝƚƵĚĞ ĐŽŵƉĂƌĞĚ ƚŽ ŶŽŶͲĚĞƌŝǀĂƚŝǌĞĚ ƐĂŵƉůĞƐ ΀Ϯϭϰ΁͘ Wd ŝƐ ĞǀĞŶ ƐƵƉĞƌŝŽƌ ƚŽ ƚŚĞ
ĞƐƚĂďůŝƐŚĞĚĚĂŶƐǇůƐǇƐƚĞŵ͕ǁŚŝĐŚǁĂƐƐŚŽǁŶŝŶĂŵŽĚĞůƌĞĂĐƚŝŽŶǁŝƚŚůǇƐŝŶĞĂŶĚzƚŽĨŽƌŵĂŶ
ŝŵŝŶĞĂŶĚƐƵďƐĞƋƵĞŶƚƵǁŝƚŚWdŽƌƚŚĞĂďŽǀĞŵĞŶƚŝŽŶĞĚĨůƵŽƌŽƉŚŽƌĞĂǌŝĚĞƐĨŽůůŽǁĞĚďǇ
>ͲD^ ŵĞĂƐƵƌĞŵĞŶƚƐ ;DĂŶƵƐĐƌŝƉƚ Ϳ͘ ĞƐŝĚĞƐ ĚĞƚĞĐƚŝŽŶ͕ Wd ĞŶŚĂŶĐĞĚ ƌĞĐŽŐŶŝƚŝŽŶ ŽĨ ƚŚĞ
ůĂďĞůĞĚ ƐƵďƐƚĂŶĐĞ ďǇ ŝŶƚƌŽĚƵĐƚŝŽŶ ŽĨ Ă ĐŚĂƌĂĐƚĞƌŝƐƚŝĐ ŝƐŽƚŽƉŝĐ ƉĂƚƚĞƌŶ͘ Ɛ ĚĂŶƐǇů ĐŚůŽƌŝĚĞ ĂŶĚ
ŽƚŚĞƌĚĞƌŝǀĂƚŝǌĂƚŝŽŶƌĞĂŐĞŶƚƐ΀ϭϰϭ͕ϭϰϱ͕Ϯϭϰ΁͕WdĂůƐŽŝŶĐƌĞĂƐĞƐƌĞƚĞŶƚŝŽŶŽĨƉŽůĂƌŵĞƚĂďŽůŝƚĞƐŝŶ




ƌĂƚŝŽƐ ΀ϭϰϭ΁͘,ŽǁĞǀĞƌ͕ĂƵƚŽŵĂƚĞĚ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶŽĨWdͲůĂďĞůĞĚƉĞƉƚŝĚĞƐŽĨ ƚŚĞŵŽĚĞů ĐĂƚĂůĂƐĞ
ǁŝƚŚ ƚŚŝƐ ƚŽŽůǁĂƐŶŽƚĂƉƉůŝĐĂďůĞ͕ďĞĐĂƵƐĞŽĨ ƚŚĞĚĞĐƌĞĂƐŝŶŐďƌŽŵŝŶĞ ŝŶĨůƵĞŶĐĞŽŶƚŚĞ ŝƐŽƚŽƉŝĐ
ƉĂƚƚĞƌŶ ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ŵŽůĞĐƵůĂƌ ŵĂƐƐ͘ dŚĞƌĞĨŽƌĞ͕ ƉĂƚƚĞƌŶͲƐĞĂƌĐŚŝŶŐ ĂůŐŽƌŝƚŚŵƐ ƚŚĂƚ ŚĂǀĞ
ĂůƌĞĂĚǇ ďĞĞŶ ĚĞǀĞůŽƉĞĚ ĨŽƌ ƉĞƉƚŝĚĞ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶǁŝƚŚ ĐĞƌƚĂŝŶ ďƌŽŵŝŶĞ ĂŶĚ ĐŚůŽƌŝŶĞ ƌĞĂŐĞŶƚƐ
΀ϭϯϲ͕ϭϯϵ΁ĐŽƵůĚďĞƚĂŝůŽƌĞĚĨŽƌWdƚŽŐĞƚŚĞƌǁŝƚŚďŝŽŝŶĨŽƌŵĂƚŝĐŝĂŶƐƚŽŝŵƉƌŽǀĞĂƵƚŽŵĂƚĞĚĚĂƚĂ
ŵŝŶŝŶŐ͘ĚĚŝƚŝŽŶĂůůǇ͕ĐŽŶƐŝĚĞƌĂƚŝŽŶŽĨĂŶŝŶƚƌŽĚƵĐĞĚŵĂƐƐͲĚĞĨĞĐƚŝŶƉĞƉƚŝĚĞƐĐĂƵƐĞĚďǇďƌŽŵŝŶĞ
ĐŽƵůĚ ŝŵƉƌŽǀĞ ƐĞƋƵĞŶĐĞ ĐŽǀĞƌĂŐĞ ŽĨ ƉƌŽƚĞŝŶƐ͕ ǁŚŝĐŚ ŚĂƐ ĂůƌĞĂĚǇ ďĞĞŶ ĚĞŵŽŶƐƚƌĂƚĞĚ ǁŝƚŚ
ŝƐŽƚŽƉĞͲĚŝĨĨĞƌĞŶƚŝĂƚĞĚďŝŶĚŝŶŐĞŶĞƌŐǇƐŚŝĨƚƚĂŐƐ;/^dΡͿ΀Ϯϭϱ΁͘
ĞƐŝĚĞƐ Wd͛Ɛ ƵƐĞ ĂƐ ƌĞƉŽƌƚĞƌ ŝŶ ŵŽĚĞů ƌĞĂĐƚŝŽŶƐ ;DĂŶƵƐĐƌŝƉƚ Ϳ ĂŶĚ ŝŶ ŝŶͲŐĞů ĨůƵŽƌĞƐĐĞŶĐĞ
ĚĞƚĞĐƚŝŽŶ ǁŝƚŚ ƉůĂŶŬƚŽŶ ƐĂŵƉůĞƐ ŽŶͲƐŝƚĞ ĂŶĚ ŝŶ ƚŚĞ ůĂď ΀ϮϬϲ͕ϮϭϬ΁͕ ŝƚƐ ŽƌƚŚŽŐŽŶĂů ĚĞƚĞĐƚŝŽŶ
ƉŽƐƐŝďŝůŝƚŝĞƐƉƌŽďĂďůǇĐŽƵůĚŵĂŬĞŝƚĂƐƵŝƚĂďůĞƌĞƉŽƌƚĞƌƚŽŝĚĞŶƚŝĨǇĚĞƚŽǆŝĨŝĐĂƚŝŽŶƉƌŽĚƵĐƚƐŽĨWhƐ
ďǇ>ͲD^ŝŶĨƵƚƵƌĞƐƚƵĚŝĞƐ͘WƌĞůŝŵŝŶĂƌǇĞǆƉĞƌŝŵĞŶƚƐǁŝƚŚW͘ƚƌŝĐŽƌŶƵƚƵŵƌĞǀĞĂůĞĚŶŽWhͲůĂďĞůĞĚ
ƐŵĂůů ŵŽůĞĐƵůĞƐ ŝŶ Ă ƚǁŽͲƐƚĞƉ ŝŶĐƵďĂƚŝŽŶ ƉƌŽĐĞĚƵƌĞ ;ĚĂƚĂ ŶŽƚ ƐŚŽǁŶ͕ ƉƌŽĐĞĚƵƌĞ ƐŝŵŝůĂƌ ƚŽ














ďŝŽŽƌƚŚŽŐŽŶĂůĐŽƵƉůŝŶŐƌĞĂĐƚŝŽŶƐ ůŝŬĞƚĞƚƌĂǌŝŶĞ ůŝŐĂƚŝŽŶǀŝĂ ŝŶǀĞƌƐĞĞůĞĐƚƌŽŶͲĚĞŵĂŶĚŝĞůƐͲůĚĞƌ
ĐǇĐůŽĂĚĚŝƚŝŽŶŵĂǇďĞŵŽƌĞƐƵŝƚĂďůĞƚŽƚŚĞƐĞƌĞƋƵŝƌĞŵĞŶƚƐ΀ϭϭϵ͕ϭϮϭ΁͘/ĨWdŝƐŶŽƚĂƉƉůŝĐĂďůĞĨŽƌ
ƚŚĞ ĚĞƐŝƌĞĚ ƉƵƌƉŽƐĞ͕ ĂůƚĞƌŶĂƚŝǀĞ ďŝŽŽƌƚŚŽŐŽŶĂů ĐŽƵƉůŝŶŐ ƐŝƚĞƐ ;&ŝŐƵƌĞ ϭϯ ʹͿ ĐĂŶ ďĞ ŝŶĐŽƌƉŽͲ










ƐŵĂůůŵŽůĞĐƵůĞƐ ΀Ϯϭϰ΁ŽƌƉƌŽƚĞŝŶƐ ;Ğ͘Ő͕͘ ŝƐŽƚŽƉĞͲĐŽĚĞĚĂĨĨŝŶŝƚǇ ƚĂŐƐ ;/dͿͿ΀ϭϯϯ͕ϭϯϱ΁͘dŚĞƌĞĨŽƌĞ͕
ŽŶĞ ƐĂŵƉůĞ ůĂďĞůĞĚǁŝƚŚ ƚŚĞ ŚĞĂǀǇ ĂŶĚ ĂŶŽƚŚĞƌ ůĂďĞůĞĚǁŝƚŚ ƚŚĞ ůŝŐŚƚ ƌĞƉŽƌƚĞƌ ĂƌĞ ĐŽŵďŝŶĞĚ
ďĞĨŽƌĞ>ͲD^ŵĞĂƐƵƌĞŵĞŶƚƐƚŽĚĞƚĞƌŵŝŶĞĂďƵŶĚĂŶĐĞƐ͘
ƉƉůŝĐĂƚŝŽŶŽĨWdĂŶĚƌĞůĂƚĞĚŵŽůĞĐƵůĞƐŵŝŐŚƚďĞĂĚǀĂŶƚĂŐĞŽƵƐĨŽƌĚŝǀĞƌƐĞďŝŽůŽŐŝĐĂůĂŶĚŵĂƐƐ




ĞƐŝĚĞƐŽƉƚŝĐĂůŵŝĐƌŽƐĐŽƉǇ͕WdǁŽƵůĚďĞ ĂůƐŽ ĂƉƉůŝĐĂďůĞ ĨŽƌŵĂƚƌŝǆͲĂƐƐŝƐƚĞĚ ůĂƐĞƌĚĞƐŽƌƉƚŝŽŶͬ
ŝŽŶŝǌĂƚŝŽŶ ;D>/Ϳ ŝŵĂŐŝŶŐ͘ dŚĞƌĞďǇ͕ WdͲůĂďĞůĞĚŵŽůĞĐƵůĞƐŵĂǇ ĐŽŶƚƌŝďƵƚĞ ƚŽ ƚŚĞ ƵŶĚĞƌƐƚĂŶͲ
ĚŝŶŐŽĨďŝŽůŽŐŝĐĂůƉƌŽĐĞƐƐĞƐŽƌƚŚŽŐŽŶĂů ƚŽŽƉƚŝĐĂůŵŝĐƌŽƐĐŽƉǇ͘ůƚŚŽƵŐŚD>/ ŝŵĂŐŝŶŐ ƐƵĨĨĞƌƐ
ĨƌŽŵƌĞƐƚƌŝĐƚĞĚƌĞƐŽůƵƚŝŽŶĐŽŵƉĂƌĞĚƚŽŽƉƚŝĐĂůŵŝĐƌŽƐĐŽƉǇ͕ŝƚŽĨĨĞƌƐƚŚĞďŝŐĂĚǀĂŶƚĂŐĞƚŽĐŚĂƌĂĐͲ
ƚĞƌŝǌĞĂŶĚĞǀĞŶŝĚĞŶƚŝĨǇƚŚĞďŝŽůŽŐŝĐĂůĐŽŵƉŽƐŝƚŝŽŶŽĨƚŚĞƐĂŵƉůĞďǇŝƚƐŵĂƐƐ͘










ƉĂƚĞ ŝŶ ĐĞůůͲƚŽͲĐĞůů ƐŝŐŶĂůŝŶŐ͘ ,ŽǁĞǀĞƌ͕ ƚĂƌŐĞƚƐ ƚŚĂƚ ĂƌĞ ĐŽǀĂůĞŶƚůǇŵŽĚŝĨŝĞĚ ďǇ ƚŚĞƐĞ ŽǆǇůŝƉŝŶƐ
ŚĂǀĞŶŽƚďĞĞŶƌĞƉŽƌƚĞĚƚŽĚĂƚĞ͘






Ɛ Ă ƐƚĂƌƚŝŶŐ ƉŽŝŶƚ͕ / ŽďƐĞƌǀĞĚ WhͲƉƌŽĚƵĐƚŝŽŶ ŽĨ ƚŚĞ ŵŝĐƌŽĂůŐĂĞ ^ŬĞůĞƚŽŶĞŵĂ ŵĂƌŝŶŽŝ ĂŶĚ
WŚĂĞŽĐǇƐƚŝƐƉŽƵĐŚĞƚŝŝ ŝŶĂŵĞƐŽĐŽƐŵƐƚƵĚǇƚŚĂƚǁĂƐĚĞƐŝŐŶĞĚƚŽĚŝƐĐŽǀĞƌƚƌŽƉŚŝĐƌĞůĂƚŝŽŶƐďĞƚͲ
ǁĞĞŶŐƌĂǌĞƌƐ ĂŶĚƉƌŝŵĂƌǇƉƌŽĚƵĐĞƌƐ͘ ƵƌŝŶŐ ƚŚŝƐ ƐƚƵĚǇ͕ / ƋƵĂŶƚŝĨŝĞĚĚŝƐƐŽůǀĞĚWhƐĂƐǁĞůů ĂƐ





ƐƚƌĂƚĞĚ ƚŚĂƚ WhƐ͕ ǁŚŝĐŚ ǁĞƌĞ ƉƌŽďĂďůǇ ƌĞůĞĂƐĞĚ ĚƵƌŝŶŐ ĨŝůƚƌĂƚŝŽŶ ĐĂƵƐĞĚ ďǇ ĚĂŵĂŐĞĚ ĐĞůůƐ͕
ƐƵƉƉƌĞƐƐĞĚƉŚǇƚŽƉůĂŶŬƚŽŶŐƌŽǁƚŚŝŶĨŝůƚƌĂƚĞͲĂĚĚĞĚ͕ĚŝůƵƚĞĚƚƌĞĂƚŵĞŶƚƐ͘dŚŝƐWhͲƚƌŝŐŐĞƌĞĚĚŝŵŝͲ




/ ƵƚŝůŝǌĞĚ Ă ŵŽůĞĐƵůĂƌ ƉƌŽďĞ ;dDZͲWhͿ ĐŽŶƐŝƐƚŝŶŐ ŽĨ Ă ϭϬ ɲ͕ɴ͕ɶ͕ɷͲƵŶƐĂƚƵƌĂƚĞĚ ĂůĚĞŚǇĚĞ͕
ůŝŶŬĞĚĂƚ ƚŚĞ ƚĞƌŵŝŶƵƐ ƚŽ ƚŚĞǁĞůůͲĞƐƚĂďůŝƐŚĞĚ ƚĞƚƌĂŵĞƚŚǇůƌŚŽĚĂŵŝŶĞ ;dDZͿ ĨůƵŽƌŽƉŚŽƌĞ͕ ĂƐ
ǁĞůůĂƐĂŶĞǁůǇĚĞƐŝŐŶĞĚĐŽŶƚƌŽůƉƌŽďĞ;dDZͲ^ͿďĂƐĞĚŽŶďŝŽŝŶĂĐƚŝǀĞƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐ͘
ĞǀĞůŽƉŵĞŶƚŽĨƉƌŽďĞͲďĂƐĞĚĨůƵŽƌĞƐĐĞŶĐĞŵŝĐƌŽƐĐŽƉǇƉƌŽǀŝĚĞĚŝŶƐŝŐŚƚƐŝŶƚŽƚŚĞƵƉƚĂŬĞŽĨWhƐ












;ďŽƚƚŽŵ ƌŝŐŚƚͿ ƚŚĂƚ ƌĞǀĞĂůĞĚ Wh ƵƉƚĂŬĞ ĂŶĚ ĂĐĐƵŵƵůĂƚŝŽŶ ;ĚĞƉŝĐƚĞĚ ĂƐ WhͿ͘ dŚŝƌĚůǇ͕ ĐŽǀĂůĞŶƚ ƚĂƌŐĞƚƐ ŽĨ ƚŚĞƐĞ
DŝĐŚĂĞůĂĐĐĞƉƚŽƌƐǁĞƌĞŝĚĞŶƚŝĨŝĞĚďǇĂƚǁŽͲƐƚĞƉWWĂƉƉƌŽĂĐŚŝŶW͘ƚƌŝĐŽƌŶƵƚƵŵ͖WhƐŵĂǇŝŶƚĞƌĨĞƌĞǁŝƚŚƚŚĞĚŝƐͲ
ƉůĂǇĞĚ ŵĞƚĂďŽůŝĐ ƉĂƚŚǁĂǇƐ ĂŶĚ ƉƌŽĐĞƐƐĞƐ ŝŶ ƚŚŝƐ ĂůŐĂ ďǇ ĐŽǀĂůĞŶƚ ŵŽĚŝĨŝĐĂƚŝŽŶ ŽĨ ĐĞƌƚĂŝŶ ŝĚĞŶƚŝĨŝĞĚ ƉƌŽƚĞŝŶƐ
;ƌĞƉƌĞƐĞŶƚĞĚďǇĨůĂƐŚĞƐĂŶĚ Wh͕ďŽƚƚŽŵůĞĨƚͿ͘ &ŝŶĂůůǇ͕ĂƌĞƉŽƌƚĞƌƚĂŐ͕ǁŚŝĐŚŽĨĨĞƌƐŽƌƚŚŽŐŽŶĂůĚĞƚĞĐƚŝŽŶƐƚƌĂƚĞŐŝĞƐ
ĂŶĚĐĂŶďĞƵƐĞĚĨŽƌŵŽůĞĐƵůĂƌƉƌŽďĞƐ͕ǁĂƐŝŶƚƌŽĚƵĐĞĚ;ŶŽƚƐŚŽǁŶͿ͘;ďďƌĞǀŝĂƚŝŽŶʹdW͗ĂĚĞŶŽƐŝŶĞƚƌŝƉŚŽƐƉŚĂƚĞͿ
ĞǀĞůŽƉŵĞŶƚ ĂŶĚ ƐƵĐĐĞƐƐĨƵů ĂƉƉůŝĐĂƚŝŽŶ ŽĨ Ă ŶŽǀĞů ŝŶĐƵďĂƚŝŽŶ ƉƌŽĐĞĚƵƌĞ ƚŚĂƚŵŝŵŝĐƐ ŶĂƚƵƌĂů
ĨĞĞĚŝŶŐŽĨĐŽƉĞƉŽĚƐďǇĐĂƌƌŝĞƌŽƌŐĂŶŝƐŵƐĨŽƌƉƌŽďĞƐƌĞǀĞĂůĞĚĂƐƚƌŽŶŐĂĐĐƵŵƵůĂƚŝŽŶŽĨdDZͲ
WhŝŶƚŚĞŽǀĂƌŝĞƐŽĨĐĂƌƚŝĂƚŽŶƐĂ;&ŝŐƵƌĞϭϰ͕ďŽƚƚŽŵƌŝŐŚƚͿ͘ŝƐĐĞƌŶĂďůĞĞĨĨĞĐƚƐŽĨWhƐŽŶƚŚĞ
























DŽƌĞŽǀĞƌ͕ ƚŚĞ hsͲsŝƐ ĂďƐŽƌƉƚŝŽŶ ŽĨ ƚŚĞ dDZ ƌĞƉŽƌƚĞƌ ǁĂƐ ŶŽƚ ĂĚĞƋƵĂƚĞ ƚŽ ƐĐƌĞĞŶ ĨŽƌ
ĐŽǀĂůĞŶƚůǇ ƉƌŽďĞͲŵŽĚŝĨŝĞĚ ƐŵĂůůŵŽůĞĐƵůĞƐ ŝŶ ƉůĂŶŬƚŽŶ ŝŶ Ă ƚǁŽͲƐƚĞƉ ĂƉƉůŝĐĂƚŝŽŶ ďǇŵĞĂŶƐ ŽĨ
ůŝƋƵŝĚĐŚƌŽŵĂƚŽŐƌĂƉŚǇĐŽƵƉůĞĚƚŽŵĂƐƐƐƉĞĐƚƌŽŵĞƚƌǇ;>ͲD^ͿĂŶĚĂƉŚŽƚŽĚŝŽĚĞĂƌƌĂǇĚĞƚĞĐƚŽƌ͘
&Žƌ ĨƵƚƵƌĞ ŝŶǀĞƐƚŝŐĂƚŝŽŶƐ ŽĨ ƚŚŝƐ ŝƐƐƵĞ͕ ĂŶ ĂǌŝĚĞͲĐŽŶƚĂŝŶŝŶŐ ƌĞƉŽƌƚĞƌ ƚĂŐ͕ ŶĂŵĞůǇ ϰͲ;ϯͲĂǌŝĚŽƉƌŽͲ
















WhͲŝŶĚƵĐĞĚƉŚĞŶŽƚǇƉĞƐ ŽĨŵĂƌŝŶĞƉůĂŶŬƚŽŶŝĐ ŽƌŐĂŶŝƐŵƐŚĂǀĞ ƚŽ ďĞ ƐĞĞŶ ĂƐ ƐƵŵŽĨ ĐŽǀĂůĞŶƚ
ƌĞĂĐƚŝŽŶƐǁŝƚŚďŝŽŵŽůĞĐƵůĞƐ͕ǁŚŝĐŚǁĞƌĞŝůůƵŵŝŶĂƚĞĚŝŶƚŚŝƐǁŽƌŬ͕ĂŶĚŶŽŶͲĐŽǀĂůĞŶƚŝŶƚĞƌĂĐƚŝŽŶƐ͘
tŚĞƌĞĂƐĂƌĞĐĞŶƚůǇŝŶĐƌĞĂƐŝŶŐŶƵŵďĞƌŽĨƐƚƵĚŝĞƐƉĞƌĨŽƌŵĞĚďǇŽƚŚĞƌƐĂƌĞĐŽŶĐĞƌŶĞĚǁŝƚŚWhƐ͛
ŝŶĨůƵĞŶĐĞ ŽŶ ƚŚĞ ƚƌĂŶƐĐƌŝƉƚŽŵĞ͕ ƚŚŝƐ ǁŽƌŬ ƉƌŽǀŝĚĞƐ ƚŚĞ ĨŝƌƐƚ ƉƌŽƚĞŽŵŝĐ ĂƉƉƌŽĂĐŚ͘ >ŝŶŬŝŶŐ Wh
ŝŶƚĞƌĂĐƚŝŽŶƐŽŶĂŵŽůĞĐƵůĂƌůĞǀĞůǁŝƚŚĐĞůůƵůĂƌ͕ƉŚǇƐŝŽůŽŐŝĐĂů͕ĂŶĚĞǀĞŶĞĐŽůŽŐŝĐĂůĐŽŶƐĞƋƵĞŶĐĞƐŝƐ
ĂĐŽŵƉůĞǆ͕ ŝŶƚĞƌĚŝƐĐŝƉůŝŶĂƌǇ ƚĂƐŬĂŶĚƐƚŝůů ƌĞƋƵŝƌĞƐĨƵƌƚŚĞƌ ŝŶǀĞƐƚŝŐĂƚŝŽŶĂŶĚƐŚŽƵůĚďĞĂůƐŽǁŝĚͲ















hŵ ĚŝĞƐĞƐ ŝĞů ǌƵ ǀĞƌĨŽůŐĞŶ͕ ŚĂďĞ ŝĐŚ ĞƌĨŽůŐƌĞŝĐŚŵŽůĞŬƵůĂƌĞ ^ŽŶĚĞŶ ƵŶĚ ǀŝĞůƐĞŝƚŝŐĞ WƌŽĨŝůŝŶŐͲ
ƚĞĐŚŶŝŬĞŶ ŬŽŶǌŝƉŝĞƌƚ ƵŶĚ ĂŶŐĞǁĞŶĚĞƚ͕ ĚŝĞ ƐŽǁŽŚů &ůƵŽƌĞƐǌĞŶǌŵŝŬƌŽƐŬŽƉŝĞ ĂůƐ ĂƵĐŚ ŬŽǀĂůĞŶƚĞ





tćŚƌĞŶĚ ĚĞƐ sĞƌƐƵĐŚƐ ƋƵĂŶƚŝĨŝǌŝĞƌƚĞ ŝĐŚ ĚŝĞ ŝŵ DĞĞƌǁĂƐƐĞƌ ŐĞůƂƐƚĞŶ ƵŶĚ ĚŝĞ ǁćŚƌĞŶĚ ĚĞƌ
ĞƌƐƚƂƌƵŶŐ ĚĞƌ ůŐĞŶǌĞůůĞŶ ŐĞďŝůĚĞƚĞŶ Wh ;ďďŝůĚƵŶŐ ϭϱ͕ ŽďĞŶͿ͕ ĚŝĞ ŵŝƚ ĚĞƌ ĞůůǌĂŚů ǀŽŶ ^͘
ŵĂƌŝŶŽŝǁćŚƌĞŶĚŝŚƌĞƌůƺƚĞŬŽƌƌĞůŝĞƌƚĞŶ͘ŝĞĂƚĞŶĚĞƌŐĞůƂƐƚĞŶWhƚƌĂŐĞŶǌƵĚĞŶďŝƐŚĞƌǁĞŶŝŐ















ϭϬɲ͕ɴ͕ɶ͕ɷͲƵŶŐĞƐćƚƚŝŐƚĞŶůĚĞŚǇĚ͕ǁĞůĐŚĞƌĂŵůŬǇůĞŶĚĞ ĂŶĚĂƐ ĞƚĂďůŝĞƌƚĞ dĞƚƌĂŵĞƚŚǇůƌŚŽĚĂͲ
ŵŝŶ ;dDZͿͲ&ůƵŽƌŽƉŚŽƌ ŐĞďƵŶĚĞŶ ŝƐƚ͕ ƐŽǁŝĞĞŝŶĞŶĞƵĞŶƚǁŝĐŬĞůƚĞ<ŽŶƚƌŽůůƐŽŶĚĞ ;dDZͲ^Ϳ
ĂƵĨĂƐŝƐǀŽŶďŝŽůŽŐŝƐĐŚŝŶĂŬƚŝǀĞŶŐĞƐćƚƚŝŐƚĞŶůĚĞŚǇĚĞŶ͘
ŝĞ ŶƚǁŝĐŬůƵŶŐ ǀŽŶ ƐŽŶĚĞŶďĂƐŝĞƌƚĞŶ &ůƵŽƌĞƐǌĞŶǌŵŝŬƌŽƐŬŽƉŝĞͲWƌŽƚŽŬŽůůĞŶ ĞƌŐĂď ƌŬĞŶŶƚŶŝƐƐĞ
ƺďĞƌĚŝĞƵĨŶĂŚŵĞǀŽŶWhŝŵWůĂŶŬƚŽŶ͘/ŶĚĞƌDŽĚĞůůĚŝĂƚŽŵĞĞW͘ƚƌŝĐŽƌŶƵƚƵŵ͕ ŝŶĚĞƌĞƐ,ŝŶͲ
ǁĞŝƐĞĂƵĨĞŝŶͲŝŶĚƵǌŝĞƌƚĞƐ͕ŝŶƚĞƌǌĞůůƵůĂƌĞƐ^ŝŐŶĂůǁĞŝƚĞƌůĞŝƚƵŶŐƐƐǇƐƚĞŵĂƵĨĂƐŝƐǀŽŶ^ƚŝĐŬƐƚŽĨĨͲ
ŵŽŶŽǆŝĚ Őŝďƚ͕ ƉĂƐƐŝĞƌƚĞ ĚŝĞ ^ŽŶĚĞ dDZͲWh ĚŝĞDĞŵďƌĂŶ ;ďďŝůĚƵŶŐ ϭϱ͕ ƵŶƚĞŶ ůŝŶŬƐͿ ƵŶĚ




ďďŝůĚƵŶŐϭϱ͗ ^ĐŚĞŵĂƚŝƐĐŚĞ ƵƐĂŵŵĞŶĨĂƐƐƵŶŐ ĚĞƌ ǌĞŶƚƌĂůĞŶ ƌŐĞďŶŝƐƐĞ͘ ŝĞ ŝƐƐĞƌƚĂƚŝŽŶ ďĞŝŶŚĂůƚĞƚ ŝŵ ĞƌƐƚĞŶ dĞŝů ĚŝĞ
YƵĂŶƚŝĨŝǌŝĞƌƵŶŐǀŽŶŝŵDĞĞƌǁĂƐƐĞƌŐĞůƂƐƚĞŶWhƵŶĚĚŝĞWhͲŝůĚƵŶŐǁćŚƌĞŶĚĚĞƌĞƌƐƚƂƌƵŶŐǀŽŶůŐĞŶǌĞůůĞŶ
ŝŶ ĞŝŶĞŵDĞƐŽŬŽƐŵŽƐͲǆƉĞƌŝŵĞŶƚ ;ŐƌƺŶĞ WĨĞŝůĞ͕ ŽďĞŶͿ͘ ǁĞŝƚĞŶƐ ŚĂďĞ ŝĐŚ /ŶŬƵďĂƚŝŽŶƐƉƌŽƚŽŬŽůůĞ ;ƌŽƚĞ WĨĞŝůĞͿ
ĞŝŶĞƌ WhͲĂďŐĞůĞŝƚĞƚĞŶ ^ŽŶĚĞ ĞŝŶŐĞĨƺŚƌƚ͕ ĚŝĞ ĚŝĞ WhͲƵĨŶĂŚŵĞ ƵŶĚ ͲŶƌĞŝĐŚĞƌƵŶŐ ŝŶ ĚĞƌ ŝĂƚŽŵĞĞ W͘
ƚƌŝĐŽƌŶƵƚƵŵ ;ƵŶƚĞŶ ůŝŶŬƐͿƵŶĚĚĞŵŽƉĞƉŽĚĞŶ͘ ƚŽŶƐĂ ;ƵŶƚĞŶ ƌĞĐŚƚƐͿĚĞŵŽŶƐƚƌŝĞƌƚĞŶ ;ĚĂƌŐĞƐƚĞůůƚĂůƐ WhͿ͘ /Ŷ
ĞŝŶĞŵ ĚƌŝƚƚĞŶ ŶƐĂƚǌ ǁƵƌĚĞŶ ŬŽǀĂůĞŶƚĞ dĂƌŐĞƚƐ ĚŝĞƐĞƌ DŝĐŚĂĞůͲŬǌĞƉƚŽƌĞŶ ŵŝƚƚĞůƐ ĞŝŶĞƐ ǌǁĞŝƐƚƵĨŝŐĞŶ WWͲ
ŶƐĂƚǌĞƐ ŝŶ W͘ ƚƌŝĐŽƌŶƵƚƵŵ ŝĚĞŶƚŝĨŝǌŝĞƌƚ͖ Wh ďĞĞŝŶƚƌćĐŚƚŝŐĞŶ ŵƂŐůŝĐŚĞƌǁĞŝƐĞ ĚŝĞ ĂďŐĞďŝůĚĞƚĞŶ ^ƚŽĨĨǁĞĐŚƐĞůͲ
ƉƌŽǌĞƐƐĞŝŶĚŝĞƐĞƌůŐĞĚƵƌĐŚŬŽǀĂůĞŶƚĞDŽĚŝĨŝŬĂƚŝŽŶĞŶǀŽŶďĞƐƚŝŵŵƚĞŶWƌŽƚĞŝŶĞŶ;ƌĞƉƌćƐĞŶƚŝĞƌƚĚƵƌĐŚůŝƚǌĞƵŶĚ
Wh͕ƵŶƚĞŶ ůŝŶŬƐͿ͘^ĐŚůŝĞƘůŝĐŚǁƵƌĚĞĞŝŶZĞƉŽƌƚĞƌŵŽůĞŬƺůĞŝŶŐĞĨƺŚƌƚ͕ǁĞůĐŚĞƐŽƌƚŚŽŐŽŶĂůĞĞƚĞŬƚŝŽŶƐƐƚƌĂƚĞŐŝĞŶ
ĞƌůĂƵďƚ ƵŶĚ Ĩƺƌ ŵŽůĞŬƵůĂƌĞ ^ŽŶĚĞŶ ǀĞƌǁĞŶĚĞƚ ǁĞƌĚĞŶ ŬĂŶŶ ;ŶŝĐŚƚ ĚĂƌŐĞƐƚĞůůƚͿ͘ ;ďŬƺƌǌƵŶŐ͗ dW ʹ
ĚĞŶŽƐŝŶƚƌŝƉŚŽƐƉŚĂƚͿ














ŝŶW͘ ƚƌŝĐŽƌŶƵƚƵŵ͕ ĚŝĞŵŝƚ,ŝůĨĞ ĚĞƌ &ůƺƐƐŝŐŬĞŝƚƐĐŚƌŽŵĂƚŽŐƌĂƉŚŝĞͬdĂŶĚĞŵͲDĂƐƐĞŶƐƉĞŬƚƌŽŵĞƚƌŝĞ
ŝĚĞŶƚŝĨŝǌŝĞƌƚǁƵƌĚĞŶ͘
ŝĞƐĞƌ ƉƌŽƚĞŽŵŝƐĐŚĞ ŶƐĂƚǌ ĞƌŵƂŐůŝĐŚƚĞ ŵŝƌ ĚĂƐ ƌƐƚĞůůĞŶ ĞŝŶĞƐ DŽĚĞůůƐ͕ ǁĞůĐŚĞƐ ƉŽƚĞŶƚŝĞůů




ƉŚŽƌŝďƵůŽŬŝŶĂƐĞ͕ ǁĞůĐŚĞƐ ǁŝƐĐŚĞŶƉƌŽĚƵŬƚĞ ĚĞƐ ĂůǀŝŶͲǇŬůƵƐ Ĩƺƌ ĚŝĞ ĂŶƐĐŚůŝĞƘĞŶĚĞ KϮ ƵĨͲ
ŶĂŚŵĞďĞƌĞŝƚƐƚĞůůƚ͕ƵŶĚZŝďƵůŽƐĞƉŚŽƐƉŚĂƚͲϯͲĞƉŝŵĞƌĂƐĞ͕ĚĂƐĞďĞŶĨĂůůƐ ŝŵĂůǀŝŶͲǇŬůƵƐĂůƐĂƵĐŚ
ŝŵƌĞǀĞƌƐŝďůĞŶWĞŶƚŽƐĞƉŚŽƐƉŚĂƚǁĞŐĂŬƚŝǀŝƐƚ͕ŐĞĨƵŶĚĞŶ͘
ƵŬƺŶĨƚŝŐĞ dĂƌŐĞƚƐƚƵĚŝĞŶ ŵŝƚ ŬŽŵƉůĞŵĞŶƚćƌĞŶ ŶƐćƚǌĞŶ ƵŶĚ ǁĞŝƚĞƌĞŶ KƌŐĂŶŝƐŵĞŶ ƐŽůůƚĞŶ




ĂĨƺƌ ŬŽŵďŝŶŝĞƌƚĞ ŝĐŚ ĚĂƐ /ŶŬƵďĂƚŝŽŶƐƉƌŽƚŽŬŽůů Ĩƺƌ ŽƉĞƉŽĚĞŶ ŵŝƚ ĚĞƌ ǌǁĞŝƐƚƵĨŝŐĞŶ ^ŽŶĚĞŶͲ
ŝŶŬƵďĂƚŝŽŶ͕ũĞĚŽĐŚǁĂƌĞƐŶŝĐŚƚŵƂŐůŝĐŚ͕ĨůƵŽƌĞƐǌŝĞƌĞŶĚĞŽƉĞƉŽĚĞŶͲEǌƵĚĞƚĞŬƚŝĞƌĞŶ͘
ƵĐŚĚŝĞhsͲsŝƐͲďƐŽƌƉƚŝŽŶĚĞƐdDZͲZĞƉŽƌƚĞƌƐǁĂƌŶŝĐŚƚĂƵƐƌĞŝĐŚĞŶĚĨƺƌĞŝŶ^ĐƌĞĞŶŝŶŐǀŽŶ
ŬŽǀĂůĞŶƚŵŽĚŝĨŝǌŝĞƌƚĞŶ ŶŝĞĚĞƌŵŽůĞŬƵůĂƌĞŶ sĞƌďŝŶĚƵŶŐĞŶ ŝŵ WůĂŶŬƚŽŶ͖ ĚĂĨƺƌ ǁĞŶĚĞƚĞ ŝĐŚ ĞŝŶĞ
ǌǁĞŝƐƚƵĨŝŐĞ ^ŽŶĚĞŶŝŶŬƵďĂƚŝŽŶ ŝŶ <ŽŵďŝŶĂƚŝŽŶ ŵŝƚ &ůƺƐƐŝŐŬĞŝƚƐĐŚƌŽŵĂƚŽŐƌĂƉŚŝĞ͕ ŐĞŬŽƉƉĞůƚ ŵŝƚ
DĂƐƐĞŶƐƉĞŬƚƌŽŵĞƚƌŝĞ;>ͲD^Ϳ͕ƵŶĚĞŝŶĞŶWŚŽƚŽĚŝŽĚĞŶĂƌƌĂǇͲĞƚĞŬƚŽƌĂŶ͘
&ƺƌ ǌƵŬƺŶĨƚŝŐĞ͕ ǁĞŝƚĞƌĨƺŚƌĞŶĚĞ hŶƚĞƌƐƵĐŚƵŶŐĞŶ ĚŝĞƐĞƐ ^ĂĐŚǀĞƌŚĂůƚĞƐ ǁƵƌĚĞ ĞŝŶ ĂǌŝĚŚĂůƚŝŐĞƐ
ZĞƉŽƌƚĞƌŵŽůĞŬƺůĞŶƚǁŝĐŬĞůƚ͕ƐǇŶƚŚĞƚŝƐŝĞƌƚƵŶĚĂŶŐĞǁĞŶĚĞƚ͘ϰͲ;ϯͲǌŝĚŽƉƌŽƉŽǆǇͿͲϱͲ;ϰͲďƌŽŵŽƉŚĞͲ
ŶǇůͿͲϮͲ;ƉǇƌŝĚŝŶͲϮͲǇůͿƚŚŝĂǌŽů;WdͿŬĂŶŶǌƵƚĞƌŵŝŶĂůĞŶůŬŝŶĞŶŵŝƚƚĞůƐĚĞƌďŝŽŽƌƚŚŽŐŽŶĂůĞŶƵ










ĚŝĞ͕ ǀĞƌŐůŝĐŚĞŶ ŵŝƚ ǌǁĞŝ ŬŽŵŵĞƌǌŝĞůů ĞƌŚćůƚůŝĐŚĞŶ ĂǌŝĚŚĂůƚŝŐĞŶ ƵŶĚ ĞŝŶĞŵ ĂǌŝĚͲͬďƌŽŵŚĂůƚŝŐĞŶ
&ůƵŽƌŽƉŚŽƌ͕ ƺďĞƌůĞŐĞŶĞ ĞƚĞŬƚŝŽŶ ǀŽŶ Wd ŵŝƚƚĞůƐ >ͲD^ ƵŶĚ ůĞŬƚƌŽƐƉƌĂǇͲ/ŽŶŝƐŝĞƌƵŶŐ ƐŽǁŝĞ
ŵŝƚƚĞůƐŝŶͲ'Ğů&ůƵŽƌĞƐǌĞŶǌ͘
/Ŷ ŵĞŝŶĞƌ ŝƐƐĞƌƚĂƚŝŽŶ ŚĂďĞ ŝĐŚ ĚĂƐ sŽƌŬŽŵŵĞŶ ĚĞƌ Wh ǁćŚƌĞŶĚ ĞŝŶĞƐ DĞƐŽŬŽƐŵŽƐͲǆƉĞͲ
ƌŝŵĞŶƚƐĂŶĂůǇƐŝĞƌƚ͘DĞŝŶĞƌďĞŝƚƐƚĞůůƚŵĞƚŚŽĚŝƐĐŚĞtĞƌŬǌĞƵŐĞǀŽƌ͕ƵŵKǆǇůŝƉŝŶĞŝŵWůĂŶŬƚŽŶǌƵ
ƵŶƚĞƌƐƵĐŚĞŶ͕ ƵŶĚ ƉƌćƐĞŶƚŝĞƌƚ ĂƚĞŶ ǌƵŵ ǀĞƌďĞƐƐĞƌƚĞŶ sĞƌƐƚćŶĚŶŝƐ ĚĞƌtŝƌŬŵĞĐŚĂŶŝƐŵĞŶ ĚĞƌ




ĞƚĞŬƚŝŽŶƐŵƂŐůŝĐŚŬĞŝƚĞŶ͕ ĚŝĞ ŚŝůĨƌĞŝĐŚ Ĩƺƌ ĚŝĞ ǌƵŬƺŶĨƚŝŐĞ hŶƚĞƌƐƵĐŚƵŶŐ ǀŽŶ ĞƚŽǆŝĨŝǌŝĞƌƵŶŐƐͲ
ŵĞĐŚĂŶŝƐŵĞŶƐĞŝŶŬƂŶŶĞŶ͘
Ğƌ WhͲŝŶĚƵǌŝĞƌƚĞ WŚćŶŽƚǇƉ ǀŽŶ KƌŐĂŶŝƐŵĞŶ ŝŵ ŵĂƌŝŶĞŶ WůĂŶŬƚŽŶ ŵƵƐƐ ĂůƐ ^ƵŵŵĞ ǀŽŶ
ŬŽǀĂůĞŶƚĞŶZĞĂŬƚŝŽŶĞŶŵŝƚŝŽŵŽůĞŬƺůĞŶ͕ĚŝĞŝŶĚŝĞƐĞƌŝƐƐĞƌƚĂƚŝŽŶďĞůĞƵĐŚƚĞƚǁŽƌĚĞŶƐŝŶĚ͕ƵŶĚ
ŶŝĐŚƚŬŽǀĂůĞŶƚĞŶ/ŶƚĞƌĂŬƚŝŽŶĞŶĂŶŐĞƐĞŚĞŶǁĞƌĚĞŶ͘tćŚƌĞŶĚĚŝĞŝŶůĞƚǌƚĞƌĞŝƚƐƚĞŝŐĞŶĚĞŶǌĂŚů
ǀŽŶ ^ƚƵĚŝĞŶ ĚĞŶ ŝŶĨůƵƐƐ ĚĞƌ Wh ĂƵĨ ĚĂƐ dƌĂŶƐŬƌŝƉƚŽŵ ƵŶƚĞƌƐƵĐŚĞŶ͕ ƐƚĞůůƚ ĚŝĞƐĞ ƌďĞŝƚ ĚĞŶ
ĞƌƐƚĞŶ ƉƌŽƚĞŽŵŝƐĐŚĞŶ ŶƐĂƚǌ ĚĂƌ͘ ŝĞ sĞƌŬŶƺƉĨƵŶŐ ǀŽŶ ŵŽůĞŬƵůĂƌĞŶ /ŶƚĞƌĂŬƚŝŽŶĞŶ ŵŝƚ ǌĞůůƵͲ
ůćƌĞŶ͕ƉŚǇƐŝŽůŽŐŝƐĐŚĞŶďŝƐŚŝŶǌƵƂŬŽůŽŐŝƐĐŚĞŶ<ŽŶƐĞƋƵĞŶǌĞŶŝƐƚĞŝŶĞŬŽŵƉůĞǆĞ͕ŝŶƚĞƌĚŝƐǌŝƉůŝŶćƌĞ
ƵĨŐĂďĞ͕ ĚŝĞ ǁĞŝƚĞƌĞƌ &ŽƌƐĐŚƵŶŐ ďĞĚĂƌĨ ƵŶĚ ĂƵĐŚ ĂƵĨ ĚŝĞ ĂůůŐĞŵĞŝŶĞtŝƌŬƵŶŐ ǀŽŶKǆǇůŝƉŝŶĞŶ










































































Ϯϵ͘ ůƐƵĨǇĂŶŝd͕ ŶŐĞůĞŶ,͕ŝĞŬŵĂŶŶK͕<ƵĞŐůĞƌ^͕tŝĐŚĂƌĚd͘ WƌĞǀĂůĞŶĐĞĂŶĚŵĞĐŚĂŶŝƐŵ
ŽĨƉŽůǇƵŶƐĂƚƵƌĂƚĞĚĂůĚĞŚǇĚĞƐƉƌŽĚƵĐƚŝŽŶŝŶƚŚĞŐƌĞĞŶƚŝĚĞĨŽƌŵŝŶŐŵĂĐƌŽĂůŐĂůŐĞŶƵƐhůǀĂ
;hůǀĂůĞƐ͕ŚůŽƌŽƉŚǇƚĂͿ͘ŚĞŵWŚǇƐ>ŝƉŝĚƐ͘ϮϬϭϰKĐƚ͖ϭϴϯ͗ϭϬϬʹϭϬϵ͘






























































































































































ϴϴ͘ >ŽƵƌĞŝƌŽWD͕ĚĞƌƌƵĚĂĂŵƉŽƐ/W͕ 'ŽŵĞƐK&͕ ŝDĂƐĐŝŽW͕ DĞĚĞŝƌŽƐD,'͘^ƚƌƵĐƚƵƌĂů
ĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨĚŝĂƐƚĞƌĞŽŝƐŽŵĞƌŝĐĞƚŚĂŶŽĂĚĚƵĐƚƐĚĞƌŝǀĞĚĨƌŽŵƚŚĞƌĞĂĐƚŝŽŶŽĨϮ͚Ͳ
ĚĞŽǆǇŐƵĂŶŽƐŝŶĞǁŝƚŚƚƌĂŶƐ͕ƚƌĂŶƐͲϮ͕ϰͲĚĞĐĂĚŝĞŶĂů͘ŚĞŵZĞƐdŽǆŝĐŽů͘ϮϬϬϰ͖ϭϳ;ϱͿ͗ϲϰϭʹϲϰϵ͘


































































































































































































































































































ϭϵϬ͘ KΖ<ĞĞĨĞ^&͕ tŝůƐŽŶ>͕ZĞƐƵƌƌĞĐĐŝŽŶW͕ DƵƌƉŚǇW͘ĞƚĞƌŵŝŶĂƚŝŽŶŽĨƚŚĞďŝŶĚŝŶŐŽĨ
ŚĞǆĂŶĂůƚŽƐŽǇŐůǇĐŝŶŝŶĂŶĚEͲĐŽŶŐůǇĐŝŶŝŶŝŶĂŶĂƋƵĞŽƵƐŵŽĚĞůƐǇƐƚĞŵƵƐŝŶŐĂŚĞĂĚƐƉĂĐĞ
ƚĞĐŚŶŝƋƵĞ͘:ŐƌŝĐ&ŽŽĚŚĞŵ͘ϭϵϵϭ͖ϯϵ;ϲͿ͗ϭϬϮϮʹϭϬϮϴ͘
































































































(UNOlUXQJ ]X GHQ (LJHQDQWHLOHQ GHU 3URPRYHQGLQ VRZLH GHU ZHLWHUHQ 'RNWRUDQGHQ
'RNWRUDQGLQQHQDOV.RDXWRUHQDQGHQ3XEOLNDWLRQHQXQG=ZHLWSXEOLNDWLRQVUHFKWHQEHLHLQHU
NXPXODWLYHQ'LVVHUWDWLRQ
&ƺƌ ĂůůĞ ŝŶ ĚŝĞƐĞƌ ŬƵŵƵůĂƚŝǀĞŶ ŝƐƐĞƌƚĂƚŝŽŶ ǀĞƌǁĞŶĚĞƚĞŶDĂŶƵƐŬƌŝƉƚĞ ůŝĞŐĞŶ ĚŝĞ ŶŽƚǁĞŶĚŝŐĞŶ
'ĞŶĞŚŵŝŐƵŶŐĞŶĚĞƌsĞƌůĂŐĞ;ͣZĞƉƌŝŶƚƉĞƌŵŝƐƐŝŽŶƐ͞ͿĨƺƌĚŝĞǁĞŝƚƉƵďůŝŬĂƚŝŽŶǀŽƌ͘
ŝĞ ŽͲƵƚŽƌĞŶ ĚĞƌ ŝŶ ĚŝĞƐĞƌ ŬƵŵƵůĂƚŝǀĞŶ ŝƐƐĞƌƚĂƚŝŽŶ ǀĞƌǁĞŶĚĞƚĞŶDĂŶƵƐŬƌŝƉƚĞ ƐŝŶĚ ƐŽǁŽŚů











ƵŶĚ ďĞƐƚćƚŝŐĞ ĚŝĞ ǀŽƌƐƚĞŚĞŶĚĞŶ ŶŐĂďĞŶ͘ ŝŶĞ ĞŶƚƐƉƌĞĐŚĞŶĚ ďĞŐƌƺŶĚĞƚĞ ĞĨƺƌǁŽƌƚƵŶŐ ŵŝƚ
ŶŐĂďĞ ĚĞƐ ǁŝƐƐĞŶƐĐŚĂĨƚůŝĐŚĞŶ ŶƚĞŝůƐ ĚĞƌ ŽŬƚŽƌĂŶĚŝŶ ĂŶ ĚĞŶ ǀĞƌǁĞŶĚĞƚĞŶ WƵďůŝŬĂƚŝŽŶĞŶ
ǁĞƌĚĞŝĐŚƉĂƌĂůůĞůĂŶĚĞŶZĂƚĚĞƌ&ĂŬƵůƚćƚĚĞƌŚĞŵŝƐĐŚͲ'ĞŽǁŝƐƐĞŶƐĐŚĂĨƚůŝĐŚĞŶ&ĂŬƵůƚćƚƌŝĐŚƚĞŶ͘
:ĞŶĂ͕ĚĞŶ
WƌŽĨ͘ƌ͘'ĞŽƌŐWŽŚŶĞƌƚ
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
 

